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Abbreviations 
 
amu atomic mass unit 
ATR Attenuated Total Reflection 
B3LYP Becke 3-Parameter, Lee, Yang, and Parr 
BBUV Broad-Band Ultraviolet 
cc-pVDZ correlation consistent polarized Valence Double-Zeta 
cc-pVTZ correlation consistent polarized Valence Triple-Zeta 
CCSD(T) Coupled-Cluster with Single, Double, and Perturbative Triple Excitations 
DC Direct Current 
DTGS Deuterated Triglycine Sulfate 
EI Electron Impact 
EOMEE Equation of Motion for Excitation Energies 
EPA Ether, Isopentane, Alcohol (ethanol) mixture 
fc frozen core 
FT Fourier Transform 
FWHM Full Width at Half Maximum 
HF Hartree-Fock 
IR Infrared 
ISM Interstellar Medium 
MCT Mercury Cadmium Telluride 
MI Matrix Isolation 
MP2 Møller-Plesset 2nd order  
MS Mass Spectrometry 
MW Microwave 
Nd:YAG Neodymium-doped Yttrium Aluminum Garnet (Nd:Y3Al5O12) 
NMR Nuclear Magnetic Resonance 
OPO Optical Parametric Oscillator 
PES Potential Energy Surface 
SAC-CI Symmetry Adapted Cluster/Configuration Interaction 
STO Slater-Type Orbitals 
TD-DFT Time-Dependent Density Functional Theory 
UPS Ultraviolet Photoelectron Spectroscopy 
UV Ultraviolet 
Vis Visible 
VPT2 Vibrational Perturbation Theory 2
nd
 order 
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Physical quantities 
λ wavelength 
A Absorbance 
E Energy 
Erel. Relative Energy 
I Intensity 
t time 
ZPVE Zero-point Vibrational Energy 
 
Spectral features 
s strong 
vs very strong 
vvs very very strong 
m medium 
ms medium-strong 
mw medium-weak 
w weak 
vw very weak 
sh shoulder 
br broad 
str stretching 
bend bending 
def deformation 
tors torsion 
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1. Introduction 
Isomerism − one of the most important phenomenon in chemistry − was introduced by 
Berzelius about two hundred years ago.
1
 The introduction of this concept was based on the 
discovery of the silver salts of two chemically different pseudohalide acids with the same 
elemental composition, namely the isocyanic acid (HNCO) by Wöhler2 and fulminic acid 
(HCNO) by Liebig.
3
 Since then, covalent pseudohalogen compounds have photogenic role in 
many areas. It is shown that the relative abundance of different [H, C, N, O]
a
 isomers can 
provide details about the physical and chemical properties of interstellar clouds.
4
 In the last 
few decades not only the four-atomic [H, C, N, X] (X = O, S) isomers
5−9
 but some other 
derivatives, like the recently observed methyl-isocyanate (CH3NCO) were identified in the 
interstellar medium (ISM).
10
 Due to tautomerization, which can takes place in the interstellar 
and circumstellar clouds driven by shocks, the presence of unsaturated isomers in the ISM is 
also possible. For example, the cyano group containing molecule with HN=C= moiety, 
namely cyanomethanimine was also observed towards Sgr B2(N).
11
 Since the bidentate nature 
of the pseudohalide groups (CN and CNX, where X = O, S, Se) results in large structural 
variability, and the [H, C, N, X] systems are well applicable for studying the quasilinear 
behavior and the large amplitude motion of the hydrogen atom,
12−14
 these systems are popular 
models both for theoretical and experimental investigations. In addition, covalent 
pseudohalogens are considered to be intermediates of specific cycloaddition reactions.
15−17
  
The widespread occurrence of pseudohalogen compounds calls for spectroscopic studies 
of the previously unobserved isomers and their derivatives. Most of them are unstable at usual 
laboratory conditions, so their preparations and spectroscopic investigations require coupled, 
special techniques. The photochemical or discharge generation can be coupled with 
matrix-isolation (MI) infrared, Raman, UV, and microwave (MW) spectroscopy, or with 
gas-phase ultrafast and sensitive laser spectroscopic methods. 
The aim of my work was to generate and investigate new pseudohalogen compounds 
using UV (laser) irradiation and matrix-isolation technique coupled with infrared and UV 
spectroscopies. Altogether seven groups of isomers, including the [2C, 2N, X] (X = S, Se), 
[NH2, C, N, X] (X = O, S), [NH, H, C, N, X] (X = O, S), and the [2C, 2N, 2Se] systems were 
investigated. Previously I have obtained some new results for the [2C, 2N, 2S] and the 
[H, C, N, Se] systems. In the latter case the results were reported in my MSc thesis, therefore 
                                                          
a
 Here and throughout the thesis [X, Y, …, Z] denotes the isomers of a system containing X, Y, …, Z atoms or 
groups. 
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it is described shortly in the literature review only. In the former case the results were not 
published in any of my theses, so due to the close relation with the [2C, 2N, 2Se] system, the 
results of these investigations are summarized in Chapter 7. Although my primary aim was to 
study these isomers using experimental techniques, computational studies are indispensable 
for the characterization of new, previously not observed isomers. The results of the 
computations performed using standard quantum chemistry packages are also described in the 
appropriate chapters. 
In the thesis, first a summary of the previous results related to the investigated systems 
is given in Chapter 2. In Chapter 3 the methods are described focusing on the applied 
experimental technique. The next 4 chapters describe the computational and experimental 
results. In these chapters the most illustrative and most important figures and tables are 
presented. Additional information and results related to the experiments can be found in the 
Appendix. The tables and figures of the Appendix are indicated with capital letters (A−D). In 
the last part of the thesis a summary and outlook of my work is given. 
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2. Literature review 
Several groups of pseudohalogen compounds were studied in the last few decades both 
by experimental and theoretical methods. In this chapter I focus on the isomers that are 
closely related to the systems I have been examining. The experimentally observed isomers 
from these systems are summarized in Table 2.1. 
 
Table 2.1. Previously observed pseudohalogen isomers and their derivatives. 
 H− NC− H2N− OCN− ONC− SCN− NCS− NCSe− 
−NCO     −    
−NCS   −   * *  
−NCSe  − −      − 
−CNO   − −     
−CNS * *    − −  
−CNSe * * −     − 
−OCN   − − −    
−SCN   −   −   
−SeCN −  −      
−ONC  − − − −    
−SNC  − −   − −  
−SeNC * − −     − 
: The isomer was observed experimentally. 
*: The isomer was observed first time in our laboratory. 
−: The isomer was not observed experimentally before. 
Molecules with two pseudohalide groups containing different elements from group VI.A were 
not investigated; these boxes are grey in the table. 
 
As seen from the table, many [H, C, N, X] and [2C, 2N, X] (X = O, S, Se) isomers were 
generated before, but from the larger species only a few isomers were observed up to now. 
Although cyclic constitutional isomers − including three-membered rings − of the 
investigated molecules are also conceivable, their observation has not been done so far. (The 
thiazirine ring was identified only in the case of the fluorine substituted analogue (FC(NS))
b
, 
which was generated by narrow-band UV irradiation of FCNS.
18
) Furthermore, the tautomers 
of the −NH2 group containing isomers were also not detected. 
                                                          
b Here and throughout the thesis AX(YZ) denotes a three-membered XYZ ring with the A atom (or group) 
bonded to X. 
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2.1. [H, C, N, X] (X = O, S, Se) systems 
[H, C, N, O] is one of the longest known and most widely investigated pseudohalogen 
systems. There are numerous quantum-chemical computations both on given isomers, and 
also on the global potential energy surface (PES) of [H, C, N, O].
12,19−23
 Sharpley and 
Bacskay have identified nine singlet and five triplet stationary points on the PES of the 
[H, C, N, O] system.
22
 Among the singlet structures, there are four low-energy (HNCO, 
HOCN, HCNO, HONC) and two higher-energy (HCON and HNOC) open-chain, and three 
cyclic (HC(NO), HN(CO), HO(CN))
 
isomers. 
Experimentally it was known long time ago that the thermal depolymerization of 
cyanuric acid (for structure see Scheme 2.1.1. a) yields a compound with the ‘HCNO’ 
empirical formula.
24
 The analysis of the gas-phase infrared spectrum by Herzberg and Reid 
has proven that isocyanic acid (HNCO) is the product of this reaction.
25,26 
By broad-band UV 
(λ<224 nm) irradiation of HNCO deposited in an Ar or a N2 matrix, Jacox and Milligan 
prepared a new isomer, cyanic acid (HOCN), and identified it by IR spectroscopy.
27
  
The structure of fulminic acid (HCNO) was not known with certainty till 1966, when 
Beck and Feldl, liberating it from aqueous sodium fulminate by dilute H2SO4, elucidated its 
structure by gas-phase IR spectroscopy.
28
 In 1979 Wentrup et al. have shown that fulminic 
acid can conveniently be generated by flash pyrolysis of 4-phenyl isoxazolinedione 
monoxime (for structure see Scheme 2.1.1. b).
29
 Using this synthesis route Bondybey et al. 
deposited HCNO in low-temperature rare gas matrices, and shown that the broad-band UV 
photolysis of HCNO in matrices also leads to HOCN together with HNCO.
30
 All these three 
isomers have extensively been studied by millimeter wave and microwave spectroscopy.
31−36
 
On the basis of the laboratory spectra these compounds have been identified in the interstellar 
medium.
5,6
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Scheme 2.1.1. Preparation of a) isocyanic acid (HNCO) by depolymerization of cyanuric 
acid, b) fulminic acid (HCNO) from 4-phenyl isoxazolinedione monoxime. 
 
Although the fourth low-energy open-chain isomer, isofulminic acid (HONC), was 
claimed to be prepared and identified by matrix-isolation IR (MI-IR) spectroscopy in 1988,
37
 
this result was withdrawn later.
38
 HONC was unambiguously identified only very recently, in 
2009, by MW spectroscopy.
20
 In the MW spectroscopic studies the HONC and HOCN 
species were generated in a supersonic jet beam of H2O/NCCN/(CH3CN/)Ne gas mixture by 
DC discharge.
20,33
 None of the cyclic and triplet isomers have been identified experimentally 
so far. 
The sulfur analogue [H, C, N, S] system was investigated computationally by 
Wierzejewska and Moc,
39
 and there are also detailed computations on the physical and 
spectroscopic properties of the individual isomers.
40,41
 In this case similar isomers were found 
on the singlet PES as in the case of the [H, C, N, O] system, namely four low-energy (HNCS, 
HCNS, HSCN, HSNC) and two higher-energy open-chain (HNSC and HCSN), and three 
cyclic (HC(NS), HN(CS), HS(CN)) singlet isomers. On the triplet PES eight [H, C, N, S] 
isomers were identified. 
Among the isomers isothiocyanic acid (HNCS) can be prepared by the reaction of 
KSCN with KHSO4 at 200 °C, or with 60% H3PO4 at 0 °C. It has extensively been studied by 
IR spectroscopy in the gas phase and in low-temperature Ar and N2 matrices,
42
 as well as by 
MW spectroscopy.
31,43,44
 Wierzejewska and Mielke have generated two formerly unknown 
isomers, HSCN and HSNC, by irradiating HNCS in inert matrices with λ<305 nm UV light, 
and identified the products by IR spectroscopy in 2001.
45
 The fourth open-chain isomer, 
HCNS, was first prepared by the photolysis of 1,2,5-thiadiazole (for structure see 
Scheme 2.1.2) in Ar and Kr matrices, and it was characterized by UV and IR spectroscopy in 
12 
 
2009.
46
 HCNS, HSCN, and HSNC were also generated recently by DC discharge in a 
supersonic jet beam using H2S/NCCN/(CH3CN/)Ne gas mixture.
47−49 
Based on their 
laboratory MW spectra, HSCN and HNCS have been identified in the interstellar space.
8,9,47
 
As in the case of the oxygen analogue system, none of the cyclic [H, C, N, S] isomers were 
observed experimentally. 
The [H, C, N, Se] system was much less studied until 2013. There wasn’t any 
comprehensive theoretical study on its global PES, and only two of the isomers were 
prepared. One of them is isoselenocyanic acid (HNCSe), which was prepared by the solid-gas 
phase reaction of silver selenocyanate (AgNCSe) with HBr. The product was characterized in 
the gas phase by microwave, millimeter wave and IR spectroscopy, and in solid argon using 
MI-IR technique.50−52 The other isomer, selenofulminic acid (HCNSe), was generated in our 
laboratory by the photolysis of 1,2,5-selenadiazole (for structure see Scheme 2.1.2) at 254 or 
280 nm. HCNSe has been characterized by IR and UV spectroscopy.53 
 
Scheme 2.1.2. Preparation of a) thiofulminic acid (HCNS) and b) selenofulminic acid 
(HCNSe) by UV irradiation of 1,2,5-thiadiazole or 1,2,5-selenadiazole. 
 
As it was mentioned in the Introduction, the [H, C, N, Se] system was extensively 
studied by us in 2013.
54
 Both the singlet and the lowest-energy triplet PESs of the system 
were investigated.
c
 In the former nine, while in the latter case ten minima were located. The 
singlet isomers were further investigated: relative energies, isomerization barriers, 
anharmonic vibrational wavenumbers, infrared and relative Raman intensities, and UV 
excitation energies were also computed to assist the spectroscopic detection of these species. 
                                                          
c
 The experimental part of this work was done by myself, the theoretical investigation of this system was carried 
out by my supervisor. 
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Quantum-chemical computations revealed that three of the isomers (HNCSe, HCNSe, and 
HSeNC) can straightforwardly be identified by IR spectroscopy. 
From experimental side, first the HNCSe and its deuterated isotopomer, DNCSe, were 
prepared following the above mentioned literature method, and these were investigated by 
matrix-isolation spectroscopic methods. For HNCSe five fundamental vibration transitions, 
two combinational bands and two overtones, while for DNCSe the two most intense 
fundamental bands were observed in the MI-IR spectra. On the basis of the measured MI-UV 
spectrum of HNCSe, the photolysis of this isomer was carried out at 254 nm. The irradiation 
led to the formation of a previously not observed isomer, the HSeNC molecule. The 
successful preparation of this new isomer was supported both by the good agreement between 
the computed and measured wavenumber values of the new bands observed after the 
irradiation, and by the experiments carried out for DSeNC. 
 
2.2. [2C, 2N, X] (X = O, S, Se) systems  
A comprehensive theoretical study was carried out for the isomers of these systems by 
Fehér et al.55 Equilibrium structures, harmonic vibrational frequencies, transition states, and 
isomerization pathways were determined by ab initio computations at the RHF/6-31G* and at 
the MP2/6-31G* levels of theory. 
Cyanogen isocyanate (NCNCO) can be prepared by the thermal decomposition of 
AgNCO, and it was studied by various methods, including microwave,
56−58
 photoelectron,
59
 
and gas-phase IR
60,61
 spectroscopy. Another isomer, cyanogen N-oxide (NCCNO), is one of 
the low-pressure thermolysis products of dicyanofuroxan (see Scheme 2.2.1).
62
 NCCNO was 
characterized by microwave, photoelectron, IR, and UV spectroscopy.
63,64 
An isomerization 
reaction was also observed experimentally between NCCNO and NCNCO.
65
 A third 
[2C, 2N, O] isomer, the unstable NCOCN, was detected in the flash photolyzed mixture of 
NCCN and O3.
66
 This isomer is generated by the insertion of O(
1
D) into the C−C bond. 
NCCNO was the other identified product of the flash photolysis, which formed by the thermal 
addition of O(
3
P) to the cyanogen (NCCN) molecule. 
14 
 
 
Scheme 2.2.1. Preparation of NCCNX (X = O, S, Se) isomers. 
 
The S-analogues of the experimentally observed three O-containing isomers are also 
known. Among them sulfur dicyanide (NCSCN) is a colorless, solid substance, which is 
stable at dry-ice temperature, but at room temperature polymerize easily and yields a yellow 
product. A possible preparation route of NCSCN is the reaction of sulfur dichloride (SCl2) 
with silver cyanide (AgCN) in chloroform (CHCl3)
67
 or in CS2.
68
 Sulfur dicyanide was 
studied by various methods, such as NMR,
67,69
 IR,
67,68
 Raman,
69
 UV/Vis,
70
 photoelectron,
71
 
MW,
72
 and mass spectrometry,
73
 furthermore, the X-ray structure of NCSCN was also 
determined.
74
 
Cyanogen isothiocyanate (NCNCS) can be generated by strongly heating a AgSCN/I2 
mixture
61
 or by the thermal isomerization of sulfur dicyanide.
75
 The isomerization of NCSCN 
to NCNCS takes place even at room temperature, which means that the isomerization barrier 
is low and cyanogen isothiocyanate is the more stable species.
68
 This was supported by high-
level CCSD(T)/aug-cc-pVTZ computations. NCNCS can polymerize easily at room 
temperature in solution or under dry conditions giving a yellow-red product. Cyanogen 
isothiocyanate was studied both by IR
61,68
 and MW spectroscopy.
76
 
The third isomer from the [2C, 2N, S] group, cyanogen N-sulfide (NCCNS), was 
prepared by the unfiltered irradiation of 3,4-dicyano-1,2,5-thiadiazole (see Scheme 2.2.1) 
using a Xe lamp. NCCNS was studied by matrix-isolation technique combined with UV and 
15 
 
IR spectroscopy, and the experimental results were supported by quantum-chemical 
computations.
77
 
Considering the Se-containing isomers, the oxidation of potassium selenocyanate by 
iodine pentafluoride
78
 followed by the disproportion of selenocyanogen
67
 results in a 
colorless, crystalline substance that can be identified as selenium dicyanide: 
 
 10 KNCSe + 2 IF5 = 10 KF + 5 (SeCN)2 + I2 (Eq. 1) 
 2 NCSeSeCN = NCSeSeSeCN + NCSeCN (Eq. 2) 
 
NCSeCN is stable at room temperature in a dark, closed flask, but exposure to light 
causes decomposition.
67
 This isomer was studied by IR,
67
 NMR,
67,69
 Raman,
69
 and MS
69
 
methods; and its structure was determined by X-ray crystallography.
79
 
Another Se-containing isomer, NCCNSe, was generated by the 313 nm photolysis of 
3,4-dicyano-1,2,5-selenadiazole (for structure see Scheme 2.2.1) in our laboratory.
53
 The 
product was identified by matrix-isolation IR and UV spectroscopy supported by high-level 
quantum-chemical computations. 
 
2.3. [2C, 2N, 2X] (X = O, S, Se) systems 
Despite the structural variability of these pseudohalogens, only two of the 14, recently 
computationally investigated [2C, 2N, 2O] isomers,
80
 OCNNCO and ONCCNO, were 
prepared and characterized spectroscopically to date. 
Solution of cyanogen-N,N’-dioxide (ONCCNO) can be prepared by the reaction of 
dichloroglyoxime with weak aqueous alkalis in organic solvents. Both the infrared and UV 
spectra of the freshly prepared solution were measured, but the attempts to isolate pure 
ONCCNO from the solutions resulted in only yellow to pink solid polymers.
81,82
 Maier and 
Teles were able to generate ONCCNO by flash vacuum pyrolysis of dichloroglyoxime, but 
the attempts to generate ONCNCO by 254 nm irradiation resulted in not the isocyanate 
isomer, but nitrosyl cyanide (ONCN) and carbon monoxide.
83
 The first comprehensive study 
of cyanogen-N,N’-dioxide was carried out by Pasinszki and Westwood.84 They have 
generated ONCCNO in situ by flow pyrolysis reactions of gaseous dichloroglyoxime or 
dibromofuroxan. The product was characterized by several experimental methods, including 
photoelectron and mid-infrared spectroscopy, photoionization mass spectrometry, and the 
high resolution infrared absorption spectrum was also recorded.
84,85
 The results of the 
measurements were supplemented by ab initio calculations. 
16 
 
The AgOCN + Br2 reaction was carried out at different circumstances by Schulz and 
Klapötke. Some possible reaction routes were discussed and based on the formation of 
elemental nitrogen from the product of the AgOCN + Br2 reaction, it was assumed, that a 
short-lived intermediate of the reaction is diisocyanate (OCNNCO). It was proved by 
theoretical investigations that OCNNCO could be generated, but direct evidence for the 
presence of this isomer was not found.
86
  
Diisocyanate was generated first by the irradiation of oxalic acid diazide or azidoformyl 
isocyanate at 254 nm, or upon high-vacuum flash pyrolysis (see Scheme 2.3.1), and its 
infrared spectrum was measured using matrix-isolation conditions.
87
 
 
 
Scheme 2.3.1. Preparation of diisocyanate (OCNNCO) starting from a) oxalic acid diazide, or 
b) azidoformyl isocyanate. 
 
Considering the [2C, 2N, 2S] isomers, the only known isomer (until 2012), 
thiacyanogen (NCSSCN), was discovered one hundred years ago by Söderbäck.88 This isomer 
can be prepared by the reaction of silver thiocyanate (AgSCN) with bromine in SO2 solvent 
(see Eq. 3) below −20 °C,69 or lead(II)-thiocyanate with Br2 (see Eq. 4).
89
 
 
 2 AgSCN + Br2 = NCSSCN + 2 AgBr (Eq. 3) 
 Pb(SCN)2 + Br2 = NCSSCN + PbBr2 (Eq. 4) 
 
A third possibility to produce thiacyanogen is an in situ reaction during matrix 
deposition between AgSCN and I2.
61 
Thiacyanogen is a colorless crystalline solid at low 
temperatures, but polymerizes easily to the brick-red polythiacyanogen at higher 
temperatures, which makes difficult to investigate the pure isomer without contaminations or 
any other side reaction products.
69
 NCSSCN was characterized by different spectroscopic 
methods, including IR, Raman,
67,69,90−94
 and UV spectroscopies in solutions,
91
 IR,
61
 and UV 
17 
 
photoelectron spectroscopy (UPS)
95
 in the gas phase, and IR and Raman spectroscopies in 
rare gas matrices.
96
 
At the beginning of the 20
th
 century there were several attempts to produce 
selenocyanogen (NCSeSeCN), the selenium analogue of thiacyanogen. It was shown by 
Kaufmann and Kögler that a mixture of lead(IV)-acetate and potassium selenocyanate can be 
used as a source of nascent selenocyanogen according to the following reactions, but apart 
from some reactions, no information was provided about the product:
97
 
 
 4 KNCSe + Pb(CH3COO)4 = Pb(SeCN)4 + 4 CH3COOK (Eq. 5) 
 Pb(SeCN)4 = Pb(SeCN)2 + (SeCN)2 (Eq. 6) 
 
A few decades later, the oxidation of KNCSe by an excess of solid iodine pentafluoride 
was carried out below room temperature (see Eq. 1), but the fast disproportion of the product 
was observed.
78 
However, the position of the four most intense infrared bands of 
selenocyanogen (at 2152, 521, 357, and 333 cm
−1
) was published within this study, but the 
preparation of NCSeSeCN was carried out by the method described in Ref. 97. Cataldo 
reported a possible preparation method for selenocyanogen by the reaction of silver 
selenocyanate (AgNCSe) suspended in dichloromethane and an iodine solution in CH2Cl2.
67
 
The mixture was stirred for 2 hours at 13 °C, the orange solution was decanted and the solvent 
was distilled off. Although both infrared and 
13
C NMR spectra of the canary-yellow product 
is reported, the results were questioned a few years later by Burchell et al.
69
 They prepared 
NCSeSeCN also by the reaction of AgNCSe with I2, but the preparation − due to the thermal 
instability of selenocyanogen − was carried out in a SO2 solvent below −20 °C. Cataldo had 
previously reported the 
13
C NMR value of selenocyanogen as δ = 89.92 ppm, while according 
to the measurements by Burchell et al. it is δ = 96.0 ppm. It was also pointed out that the shift 
recorded by Cataldo is much closer to the value of Se(CN)2, one of the decomposition product 
of selenocyanogen. Although selenocyanogen was extensively studied including NMR, X-ray 
and Raman methods,
69
 possible isomers of NCSeSeCN were not studied and observed 
experimentally. 
 
2.4. [NH2, C, N, X] (X = O, S) systems  
From the O-containing isomers, partially optimized structures and relative energies of 
six species, namely aminoisocyanate (H2NNCO), aminoformonitrile oxide (H2NCNO), 
aminocyanate (H2NOCN), aminofulminate (H2NONC), aminooxazirine (H2NC(NO)), and 
aminocarbonylnitrene (H2NC(O)N) were determined at the HF/STO−3G and HF/4−31G 
18 
 
levels of theory, but the vibrational spectra were not computed in any case.
98
 Although the 
amino group for aminoisocyanate was assumed to be planar in this work by Poppinger et al., 
it was disproved later by Teles and Maier.
99
 Higher-level computations for the structure of 
H2NNCO (together with other substituted isocyanates) at the HF/6−31G* and MP2/6−31G* 
levels of theory were carried out by McAllister and Tidwell, but other [NH2, C, N, O] isomers 
were not investigated within this study.
100
  
Experimentally only aminoisocyanate was generated and studied from this family.
99
 
Both the 185 nm irradiation of carbamoyl azide (H2NC(O)N3) and the 500 °C pyrolysis of 
either methyl carbazate (CH3OC(O)NHNH2) or 1,2,5-oxadiazole-3,4-diamine (also known as 
3,4-diaminofurazan) resulted in H2NNCO. The pyrolysis of methyl carbazate gave mostly 
aminoisocyanate with a very small amount of HNCO, the only side-product of the reaction. In 
contrast to this, the pyrolysis of 1,2,5-oxadiazole-3,4-diamine resulted in many side-products, 
mainly H2NCN, HNCO, HCN, and a small amount of CO, HNCNH, and NH3. The IR spectra 
of H2NNCO together with the deuterium-substituted isotopomers were measured in an Ar 
matrix at 10 K.
99
 Aminoisocyanate was found to be stable against 185 nm or ≥366 nm 
irradiation. When the matrix was irradiated at 313 nm, H2NNCO decomposed resulting in 
aminonitrene (NNH2) and carbon monoxide. A 254 nm irradiation was also carried out in a 
different experiment, in which case not only the formation of aminonitrene, but the further 
decomposition of H2NNCO via hydrogen atoms to formaldehyde, formyl and hydroxymethyl 
radical was observed.
99
 
Only one [NH2, C, N, S] isomer, namely cyanamide-N-sulfide (H2NCNS) was 
generated experimentally before. H2NCNS was observed from 
3-carboxamido-4-cyano-1,2,5-thiadiazole precursor (see Scheme 2.4.1), using collisional 
activation and neutralization−reionization mass spectrometric methods, and the observations 
were verified by ab initio computations.
101
  
 
 
Scheme 2.4.1. Generation of cyanamide-N-sulfide (H2NCNS) from 3-carboxamido-4-cyano-
1,2,5-thiadiazole precursor. 
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The vibrational frequencies and infrared intensities were also computed for H2NCNS at 
the B3LYP/6−31G* level of theory. In another mass-spectrometric investigation, a 
corresponding neutral fragment of the mass spectral fragments, H2NC(NS) was studied by 
semiempirical (MNDO) computations, but vibrational spectroscopic data are not available for 
this isomer.
102
 
Although possible precursors for generation of [NH2, C, N, Se] isomers, like 
1,2,5-selenadiazole-3,4-diamine, were prepared before,
103
 neither the decomposition of this 
molecule, nor any other experimental way to prepare these Se-containing isomers has been 
investigated. 
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3. Methods 
3.1. Matrix-isolation technique  
In general the matrix isolation term includes those experimental techniques in which 
guest molecules (or atoms) are trapped in rigid host materials. In the early years of the 
twentieth century these types of experiments were confined to emission studies, primarily 
because of the poor optical quality of the frozen solutions used for the investigations. In the 
1930s it was found by Gilbert Lewis and his coworkers that the mixture of ether, isopentane, 
and ethanol in a 5:5:2 ratio forms a clear and in the UV−Visible region transparent glass at 
77 K. In the middle of the 20
th
 century several reactive species were investigated using this 
so-called EPA glass and it was possible to measure UV absorption spectra, also. 
In a narrower sense − as it is used commonly nowadays − matrix isolation means a 
technique, where the investigated particles are deposited in solidified inert gases, like noble 
gases, nitrogen; or para-H2. It was George Pimentel who discovered the advantages (such as 
inertness and transparency in the IR-Vis-UV region) of the application of solidified rare 
gases, and published the first matrix-isolation measurements in xenon matrices in 1954.
104
 His 
experiments established a new technology, which was significantly improved in subsequent 
years. Although in the early years the principal application of the technique was to investigate 
reactive species, nowadays it is widely used in several other cases due to its numerous 
advantages. Using matrix-isolation technique it is possible, among others, to observe reaction 
intermediates, generate and characterize reactive species, freeze out and study molecular 
conformations or mimicking the conditions of interstellar clouds. This technique was also 
used to generate the first Ar-containing compound, HArF, in 2000.
105
 
 
3.1.1. The matrix 
In the matrix-isolation experiments one of the most important steps is the preparation of 
the appropriate matrix. Matrices are formed by depositing the mixture of the investigated 
molecules and the rare gas (host−guest mixture) from the gas phase onto a cold window. The 
molar ratio of host to guest is known the matrix ratio. It is shown by a simple statistical 
consideration, that using at least 1000:1 ratio, more than 99 % of the investigated molecules 
are isolated.
106
 At this almost ideal state the sample molecules are located in individual 
cavities as it is shown in Figure 3.1.1.1. 
21 
 
 
Figure 3.1.1.1. Molecules isolated in a matrix. 
 
If the guest is volatile, it can be mixed easily with the host gas on a vacuum line using 
standard manometric techniques for adjusting the ratio. After the preparation, the gas mixture 
is deposited as a solid matrix onto a cold spectroscopic window at a controlled flow rate. The 
situation is more difficult if the guest has low volatility. A Knudsen-cell can be used for these 
types of guests to evaporate them directly into the vacuum chamber of the cold window, while 
the host gas is deposited simultaneously from a separate source usually at a constant rate. 
Although it is difficult to measure the host to guest ratio under these conditions, it can be 
controlled by adjusting the evaporation temperature. Therefore, those materials can be 
investigated using matrix-isolation technique, which have enough volatility or can be 
evaporated without decomposition (using a Knudsen-cell or an IR laser to evaporate).  
Even if a properly dilute matrix is produced and the guest−guest interactions are 
minimized, some other effects can influence the spectra. The matrix lattice acts as a cage and 
can hinder the rotation of the molecules. This results in narrow, sharp bands in the spectra and 
reduces the overlap compared to a gas-phase spectrum in which case both the rotational and 
vibrational transitions appear. As it is shown in Figure 3.1.1.1, the guest molecules have 
slightly different environments, two molecules surrounded closely by the guest atoms, while 
the other two have quite larger vacancies. These small differences can result in band splitting. 
This called matrix splitting or site effect, which is a common phenomenon in matrix 
experiments. The cavity sizes in He, Ne, Ar, Kr, or Xe matrices are significantly different due 
to the different sizes of the rare gas atoms. As a consequence, the host−guest interactions will 
also vary. According to this, carrying out experiments using different rare gases is a good 
opportunity to recognize the site effects and to avoid assigning split sub-bands to different 
fundamental transitions. 
In addition, chemical interactions are also conceivable between host and guest. It was 
shown on the example of Cr(CO)5 that this reactive species formed a complex with the host 
molecules (experiments were carried out for Ne, Ar, Kr, Xe, CH4, CF4, and SF6) and the 
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position of the visible electronic absorption strongly depends on the sort of the host.
107
 
Although the weakest (and almost negligible) interaction was observed for neon, it requires 
less than 6 K for deposition. For this reason Ar is a more popular choice as a host gas, due to 
its higher freezing point. 
In some experiments the investigated species are generated from a larger precursor 
molecule in the matrix after deposition by photolysis. In many cases the chance of the reverse 
reaction is almost zero for thermodynamic reasons, but there are more options for what is 
happening with the products. The excess vibrational energy can allow a small fragment to 
escape from the cage it produced with or without softening the host lattice. In case if it is not 
happening, then the by-product(s) remain(s) in the same cage as the investigated product 
molecule of the photolysis. The spectra of the products may be perturbed by mutual 
interactions, this is the so-called cage effect. Due to the softness of the para-H2 matrices, the 
products can easily separate from each other, which eliminates the cage effect. 
As it is shown some effects can influence the matrix-isolation spectra, we should keep 
all of them in sight during the analysis of the measurements.  
 
3.1.2. The matrix-isolation setup 
The sketch of one of the home-built matrix-isolation setups of our laboratory, which 
was used for my experiments, is shown in Figure 3.1.2.1. 
 
 
Figure 3.1.2.1. Sketch of a matrix-isolation setup. 
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The setup has three main parts. To achieve the appropriate temperature for the 
deposition of the host−guest mixture, a cooling system is applied. In my experiments it was a 
closed-cycle helium cryostat (Air Products Displex DE 202 or CTI Cryogenics 22). The 
refrigerator consists of a compressor (7) connected to an expander unit (6) by high pressure 
and low pressure helium lines. The cooling water inlet and outlet are marked with 10 in the 
figure. The use of a vacuum system to maintain the required very low temperature is 
indispensable. This system is responsible for providing thermal insulation and to keep away 
the distracting substances, such as water vapor and carbon dioxide. For the measurements 
high-vacuum (lower than 10
−5
 mbar background pressure) is necessary. This is maintained by 
a vacuum system consisting of a turbomolecular or diffusion pump (9) and a fore vacuum 
pump, which is usually a two-stage rotary vane pump (8). The pressure is measured at several 
points of the system by Pirani (11) and Penning (12) gauges. The third part is the sample 
preparation system, which includes gas tanks (1) with noble gases (Ar, Messer, 99.9999 %; or 
Kr, Messer, 99.998 %) and a vacuum line (2) with a piezo gauge (4). 
A small test tube (5) is attached to the vacuum line for storing volatile samples. In this 
case the mixture of the sample and the host gas can be prepared in a ~1 dm
3
 flask (3) using 
standard manometric techniques. The mixture is then passed into the vacuum chamber 
through a thin metal tube (14) and a rate controller (15). For non-volatile samples a Knudsen-
cell is attached right in front of the matrix “head” (13) and the flask (3) works as a buffer 
bottle. The sample holder − CsI window for IR-, BaF2 window for UV-, and a polished 
aluminum surface for the Raman-measurements − is in the head. The temperature of the cold 
head is controlled by a Lake Shore 321 thermostat equipped with a silicon diode thermometer. 
 
3.2. Spectrometers  
The MI-IR spectra were recorded by Bruker IFS 28 or Bruker IFS 55 FT-IR 
spectrometers equipped with a Globar source, a KBr beamsplitter, and a DTGS or an MCT 
detector. At least 128 scans were accumulated at 1 cm
−1
 resolution in the 4000−400 cm−1 or 
3800−600 cm−1 spectral window, respectively. Happ−Genzel apodization function, Mertz 
phase correction using phase resolution of 32 cm
−1
, and a zero filling factor of 4 were applied. 
Absorption MI-UV spectra were measured by a Varian Cary3E spectrometer, using 
5 nm min
−1
 scan rate, 0.333 nm step size, and 1 nm spectral bandwidth. Data were collected in 
the 350−190 nm spectral region. 
The MI-Raman spectra were recorded by a FRA 106 extension of the Bruker IFS 55 
FT-IR spectrometer using a 500 mW 1064 nm Nd:YAG laser and a liquid nitrogen cooled Ge 
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detector. The MI-Raman spectra were recorded at 4 cm
1
 instrumental resolution, and at least 
30000 scans were accumulated. 
In many cases the spectra of the precursors were measured and their purity was checked 
before the MI investigations. The solid-phase IR spectra were recorded by the Bruker IFS 
28 FT-IR spectrometer with a Globar source and DTGS detector using ATR technique. The 
instrumental resolution was 4 cm
−1
 and at least 64 scans were accumulated. The solid-phase 
Raman spectra were recorded by the above described spectrometer using 300−500 mW 
1064 nm Nd:YAG laser. The spectra were recorded at 2 cm
−1
 instrumental resolution and at 
least 128 scans were accumulated. 
 
3.3. Irradiation sources 
In order to generate new isomers from the precursors, the matrices were irradiated at 
selected wavelengths. In many experiments the photolysis was carried out by a Cathodeon 
HPK 125 W high-pressure mercury-vapor lamp or by an Oriel 66057 xenon lamp through a 
quartz window mounted on the vacuum chamber. In the former case 365, 313, or 254 nm 
Melles Griot interference filters (FWHM 10 nm), while in the latter case a 280 nm filter 
(FWHM 25 nm) was used to select the appropriate and block the other lines of the lamp. 
These devices can be used effectively only at a few selected wavelengths, and the filters cause 
a significant reduction in the intensity. Due to these reasons, usually long-term irradiation is 
required, while the quality of the matrix may deteriorate. 
A more intense and effective photolysis was carried out by a second harmonic 
generation unit (GWU uvScan) attached to an optical parametric oscillator (VersaScan MB 
240 OPO, GWU/Spectra Physics). The OPO was pumped by the third harmonic (355 nm) of a 
pulsed (10 Hz, 2−3 ns) Quanta Ray Lab 150 Nd:YAG laser (Spectra Physics). Using this 
experimental equipment, narrow-band UV irradiations can be carried out in the 213−354 nm 
range. The laser output energies used for the irradiations with respect to the applied 
wavelength values are shown in Table 3.3.1. 
Table 3.3.1. Laser output energies at the appropriate wavelengths used for the irradiations. 
Wavelength / 
nm 
Laser output 
energy / 
μJ pulse−1 
Wavelength / 
nm 
Laser output 
energy / 
μJ pulse−1 
213 50 250 150 
220 150 260 150 
221 200 270 400 
239 50 280 400 
240 400 290 250 
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At these selected values the spectral intensity changes could be monitored conveniently, 
therefore the reaction rates could be determined accurately. 
To check the photostability of the precursors in the case of the MI-UV investigations, 
and of the products generated by narrow-band photolysis in the MI-IR studies, a broad-band 
UV irradiation was carried out using the unfiltered light of the mercury-vapor lamp. 
 
3.4. Quantum-chemical computations 
As alluded to in the literature review, many computational results are available for the 
systems (or at least for the analogues of the systems) investigated during my work. However, 
in some cases, these results are limited only to the experimentally identified isomers, or the 
level of theory is not high enough to allow the differentiation and unambiguous identification 
of the isomers. Low-level computational results allow partial assignation based on 
characteristic frequency values or analogies. Combined with kinetic analysis it can be 
determined which bands belong to the same species. However, for the clear identification 
high-level quantum-chemical computations are required. For such computations a good 
starting point is provided by previously published results for the investigated molecules or 
their isomers. 
Appropriate theoretical method and basis set can be selected by comparison of 
computational and experimental results. It was found by Byrd and co-workers,
108
 that both the 
B3LYP
109,110
 and the CCSD(T)
111
 computations using 6-31G**,
112−114
 cc-pVDZ, and 
cc-pVTZ
115,116
 basis sets resulted in vibrational fundamental frequencies for 33 small 
molecules and radicals with less than 5 % average numerical deviation from the experimental 
ones obtained in an Ar matrix. It was also found in MI studies carried out in our laboratory for 
small molecules containing −CNS or −CNSe groups, that CCSD(T) calculations provide 
frequency values with ~15−20 cm−1 average numerical deviation.18,46,77 In the case of the 
ONCCNO molecule,
84
 the MP2
117
/6-31G* studies gave results with ~75 cm
−1
 difference from 
the experimental values determined in the gas-phase. Jacox has compared the positions of the 
ground-state vibrational fundamentals of many di- and polyatomic reaction intermediates 
observed in the gas-phase with those observed in argon matrices.
118
 It was found that the 
average numerical deviation of the matrix shift is 0.21 %. However, some other effects 
− discussed in Section 3.1.1 − can also influence the matrix-isolation spectra. Considering 
these effects, the deviations observed for the wavenumber values at the mentioned theoretical 
levels are acceptable. 
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Quantum-chemical computations in course of the present work were carried out by the 
CFour
119
 and the Gaussian09
120
 quantum chemistry packages. Equilibrium structures of the 
investigated molecules and complexes have been computed at the B3LYP/(aug-)cc-pVTZ, 
and at the fc MP2/cc-pVTZ, fc CCSD(T)/(aug-)cc-pVDZ, fc CCSD(T)/(aug-)cc-pVTZ, and 
fc CCSD(T)/aug-cc-pV(T+d)Z
121
 levels of theories. (It is indicated at the appropriate 
chapters, which one was used in the particular case.) Geometry optimizations − which in the 
case of the complexes were started from many different initial orientations of the two 
fragments − were followed by harmonic vibrational frequency computations in order to 
confirm that the structures are minima on the potential energy surface.  
Anharmonic corrections to harmonic vibrational wavenumbers were computed by 
vibrational perturbation theory (VPT2)
122,123
 at the B3LYP/aug-cc-pVTZ or at the 
CCSD(T)/aug-cc-pVDZ level of theory. Vibrational wavenumber values given in 
Chapters 4−7 are unscaled. Vibrational mode assignments given in the appropriate tables have 
been made on the basis of visual representation of vibrational modes.  
Singlet excitation energies and oscillator strengths were computed with the 
TD-DFT-B3LYP,
124
 SAC-CI,
125
and EOMEE-CCSD
126
 methods using (aug-)cc-pVTZ and 
aug-cc-pV(T+d)Z basis sets.  
In the EOMEE-CCSD, CCSD(T), and MP2 computations core electrons (1s electrons of 
N, C, and O; 1s, 2s, and 2p electrons of S; and 1s, 2s, 2p, 3s, and 3p electrons of Se) were not 
correlated. 
Raman activities were computed at the B3LYP/cc-pVTZ level of theory. Relative 
Raman intensities at T = 10 K were obtained using the computed Raman activities (Si) and the 
expression provided in Ref. 127.:    kThcSfI iiiii /
~exp1~/)~~( 40   , where 0
~  is the 
wavenumber of the laser photons (λ0 = 1064 nm), i
~  is the vibrational wavenumber of the ith 
normal mode, h, c, and k are fundamental constants, and f is a chosen normalization factor for 
all peak intensities. 
The primary aim of my work was to study certain systems experimentally. For this 
reason the following chapters focus on computational results closely related to experiments. 
Further theoretical results can be found in the appropriate references and supplementary 
materials cited in the titles of the chapters. Some of the computations were carried out by my 
supervisor or by co-authors, this is also indicated in footnotes at the appropriate sections. 
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4. Investigation of the [2C, 2N, X] (X = S, Se) systems
128
 
It is shown in Table 2.1, that altogether five isomers are known from these systems. The 
main aim of this work was to supplement the condensed-phase IR spectra of sulfur dicyanide 
(NCSCN) and selenium dicyanide (NCSeCN) molecules and to generate previously unknown 
isomers by UV irradiation. First, the appropriate NCXCN isomers were prepared and 
investigated; it was followed by the narrow-band irradiation of the starting isomers.  
 
4.1. Preparation of NCSCN 
For the preparation of NCSCN the reaction of SCl2 with AgCN was tried first in 
dichloromethane, but it did not result in a clean, colorless product. Therefore the reaction was 
carried out in CS2 solvent. SCl2 was synthesized by bubbling gaseous chlorine into the golden 
yellow liquid of S2Cl2 at room temperature until it became dark red. The mixture was 
carefully distilled to remove the unreacted S2Cl2. Then 26.5 g of silver cyanide (AgCN) was 
dispersed by vigorous stirring in 200 ml of carbon disulfide (CS2) at room temperature. After 
a half an hour, 10 ml of the freshly synthesized SCl2 was added to the mixture and stirring 
continued for 30 minutes. The solvent with the reaction product was transferred into a 
Schlenk tube cooled to −50 °C. The reaction product (NCSCN) crystallized in colorless, 
plate-like crystals. The bulk of the solvent was decanted off and the remaining CS2 was 
removed by attaching the Schlenk tube to a vacuum line until the vapor pressure reached less 
than 1 mbar. The purity was checked by IR spectroscopy using the ATR technique. The 
sample was stored in a closed Schlenk tube at low pressure and −35 °C. At higher 
temperatures (above −20 °C) yellow crystals were observed. 
 
4.2. MI-IR spectra of NCSCN 
The MI-IR spectra of the NCSCN : Ar and NCSCN : Kr mixtures together with the 
computed spectrum of sulfur dicyanide are shown in Figure 4.2.1. (For the enlarged 
2700−2400 cm−1 region of the spectra see Figure A1.) 
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Figure 4.2.1. MI-IR spectra of NCSCN isolated a) in an Ar matrix at 10 K and b) in a Kr 
matrix at 18 K. c) Computed IR spectrum of NCSCN (CCSD(T)/aug-cc-pVTZ harmonic 
wavenumbers corrected by CCSD(T)/aug-cc-pVDZ anharmonic contributions, IR intensities 
obtained by the harmonic approximation at the CCSD(T)/aug-cc-pVTZ level of theory). 
Bands of CO2 traces are marked with asterisks. The absorbance scale in the 2200−2165 cm
−1
 
region is multiplied by 10 compared to that of the absorbance scale of the 700−645 cm−1 
region.  
 
As it is shown in Table 4.2.1, the measured MI-IR spectra are in a good agreement with 
both the computed and the formerly published solid-phase IR spectra. The two most intense 
bands of the spectra are at 680.1 and 677.1 cm
−1
 in Ar, and at 678.3 and 676.3 cm
−1
 in Kr. 
There are two other lower intensity bands at 2178.8 and 2190.2 cm
−1
 in Ar, and at 2177.8 and 
2188.9 cm
−1
 in Kr together with their site bands. On the basis of comparison with the 
computation and previous solid-phase measurements these bands are unambiguously assigned 
to the ν8, ν2, ν7, and ν1 fundamental vibrational transitions of NCSCN. Furthermore, some 
other bands were observed in the spectra, which intensities were comparable with the 
intensity of the ν7 and ν1 bands, at 2681.4, 2542.2, 2540.9, 2502.1, 2491.3, and 948.6 cm
−1
 in 
Ar; and at 2680.3, 2538.3, 2536.2, 2498.3, and 2487.3 cm
−1
 in Kr. These bands are assigned 
as combinational bands of the NCSCN isomer (see Table 4.2.1). On the basis of the CCSD(T) 
computations one more band is expected in the investigated spectral region (4000−400 cm−1), 
namely at around 500 cm
−1
. The molar absorption of this transition is computed to be very 
low and it is in the low signal to noise ratio region of the spectrum. It explains the failure of 
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the experimental observation of this transition. The other four fundamental vibrational 
transitions (ν5, ν6, ν9, and ν4) are out of the investigated spectral region. 
 
Table 4.2.1. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of NCSCN together with assignments.  
Computed
a
 
 
 
Experimental 
Assignment 
Ar matrix
b
 Kr matrix
b
 KBr pellet
c
 KBr pellet
d
 
2666 (0.3) 2681.4 (2) 2680.3 (1) - - ν3 + ν1 
2527 (0.3) 2542.2 (3) 2538.3 (2) - - ν6 + ν1 
2527 (0.4) 2540.9 (2) 2536.2 (3) - - ν7 + ν5 
2487 (0.2) 2502.1 (1) 2498.3 (1) - - ν9 + ν1 
2476 (0.2) 2491.3 (2) 2487.3 (1) - - ν9 + ν7 
2185 (0.3) 
2192.9 (2),  
2190.2 (2)
e
  
2188.9 (3) - - ν1 CN str. 
2171 (0.1) 
2181.9 (4),  
2178.8 (7)
e
 
2177.8 (8) 2180 (s) 2184 (vs) ν7 CN str. 
967 (0.1) 948.6 (3) - - - ν9 + ν2 
651 (2) 680.1 (100) 678.3 (100) 685 (m) 697 (m) ν8 CS str. 
 650 (7) 677.1 (56) 676.3 (52) - 670 (m) ν2 CS str. 
487 (1) - - 465 (w) - ν3 SCN bend. 
359 (0.0) 
f f 
- - ν5 SCN bend. 
349 (4) 
f f 
- 379 (m) ν6 SCN bend. 
309 (2) 
f f 
- - ν9 SCN bend. 
120 (8) 
f f 
- - ν4 CSC def. 
a
 CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/aug-cc-pVDZ 
anharmonic contributions. For fundamental modes harmonic IR intensities computed at the 
CCSD(T)/aug-cc-pVTZ, for combination bands anharmonic IR intensities computed at the 
CCSD(T)/aug-cc-pVDZ level of theory are given in parentheses. 
b
 This work. The relative intensity of the most intense band of NCSCN was chosen to be 100. 
c
 See Ref. 67. 
d
 See Ref. 69. 
e
 Site split bands.
 
f
 Out of the investigated spectral region. 
 
Besides the bands of H2O (3858, 3757, 3574, 1624, 1608, and 1593 cm
−1
) and CO2 
(2345, 2339, 664, and 662 cm
−1
) contaminants some further very low intensity bands at 1982 
and 2182 cm
−1
 in Ar, and at 1980 cm
−1
 in Kr were observed. These bands can be assigned to 
the HNCS and HSCN isomers.
42,45
 These molecules can be the products of the reaction 
between NCSCN and water traces, their bands are less intense or cannot be observed when 
the inlet system is pretreated by dry Ar. The remaining unidentified lines appeared with 
comparable or even smaller intensities than the bands of HNCS and HSCN. 
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4.3. Generation of NCSNC and NCNCS 
To generate new isomers, the deposited samples were irradiated using the 254 nm line 
of a high-pressure mercury-vapor lamp. The choice of the appropriate wavelength was based 
on the measured UV spectrum of NCSCN (see Figure A2) and on the computed excitation 
wavelengths of sulfur dicyanide at 231
d
/242
e
 nm. The applied irradiation bleached all the 
bands in the MI-IR spectrum that were assigned to the NCSCN, these bands are negative in 
the difference spectra shown in Figures 4.3.1 and 4.3.2. 
 
 
Figure 4.3.1. a) Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 21 h of 254 nm photolysis of 
NCSCN in an Ar matrix. b) Difference spectrum as obtained by subtraction of the spectrum 
recorded after 21 h of 254 nm photolysis from the spectrum recorded after subsequent 2 h of 
broad-band UV irradiation in an Ar matrix. c) and d) Computed IR spectrum of NCNCS and 
NCSNC, respectively. (CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by 
CCSD(T)/aug-cc-pVDZ anharmonic contributions, IR intensities obtained by the harmonic 
approximation at the CCSD(T)/aug-cc-pVTZ level of theory.) The absorbance scale in the 
1200−1150 cm−1 and 730−665 cm−1 regions is multiplied by 10 compared to the region of 
2270−1970 cm−1. 
                                                          
d
 Computed at the EOMEE−CCSD/aug-cc-pVTZ level of theory. The computation was carried out by my 
supervisor. 
e
 Computed at the TD−DFT B3LYP/aug-cc-pVTZ level of theory. The computation was carried out by my 
supervisor. 
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Figure 4.3.2. a) Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 65 h of 254 nm photolysis of 
NCSCN in a Kr matrix. b) Difference spectrum as obtained by subtraction of the spectrum 
recorded after 65 h of 254 nm photolysis from the spectrum recorded after subsequent 1.5 h of 
broad-band UV irradiation in a Kr matrix. c) and d) Computed IR spectrum of NCNCS and 
NCSNC, respectively. (CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by 
CCSD(T)/aug-cc-pVDZ anharmonic contributions, IR intensities obtained by the harmonic 
approximation at the CCSD(T)/aug-cc-pVTZ level of theory.) The absorbance scale in the 
1200−1150 cm−1 and 730−665 cm−1 regions is multiplied by 10 compared to the region of 
2270−1970 cm−1. 
 
During and after the 254 nm irradiations some new, intense bands appeared both in the 
Ar-matrix and in the Kr-matrix experiments, which were not present in the original spectra 
(see Figures 4.3.1, 4.3.2, and Tables 4.3.1, 4.3.2). The intensity of these bands increased 
continuously during the photolysis. Some of these bands (at 2295.0 and 2056.4 cm
−1
 in Ar, 
and at 2291.9 and 2053.8 cm
−1
 in Kr) can unambiguously be assigned to isocyanogen 
(NCNC),
129
 which means that some NCSCN (or its photoproducts) decomposed to NCNC 
and sulfur. 
The absorbance of eight bands − that appeared upon the photolysis and have enough 
large absorbance values − was measured as a function of photolysis time. These data showed 
an exponential growth for each band, therefore exponential curves were fitted to these points 
(see Figure 4.3.3). These curves fit very well for all the investigated bands observed during 
the measurements in Ar matrix. As seen in Figure 4.3.3, the bands at 2689.6, 2367.4, 2256.6, 
32 
 
1994.9, and 1185.0 cm
−1
 increased together, while the relative intensity of the bands at 
2045.7, 690.8, and 673.1 cm
−1
 also changed with the same rate.
f
 These observations clearly 
prove that the observed and investigated bands belong to two different species that are both 
primary photoproducts of NCSCN. 
 
Figure 4.3.3. Normalized absorbance of the bands in the function of the photolysis time 
measured a) at 2689.6, 2367.4, 2256.6, 1994.9, and 1185.0 cm
−1 
and b) at 2045.7, 690.8, and 
673.1 cm
−1
 during the 254 nm irradiation of the NCSCN : Ar matrix. 
 
The corresponding bands were also observed in the case of Kr matrix, but due to the 
very low intensity of the bands at 691.2 and 689.1 cm
−1
 a similar analysis as above was 
carried out only for the other six bands at 2683.1, 2368.0, 2251.7, 2043.1, 1995.8, and 
1185.6 cm
−1
 (see Figure A3). In agreement with the measurements in Ar, five of the curves 
show the same exponential growth. The sixth curve, which belongs to the absorption of the 
band at 2043.1 cm
−1
 has a maximum at around ~34 h photolysis and the growth rate of this 
band at early photolysis times is also different from the growth rate of the other bands. It is 
also supports that the observed bands belong to two different species. 
On the basis of the relative absorbances vs. photolysis time analysis and on the 
comparison of the measured wavenumbers and intensities with the computed values of the 
[2N, 2C, S] isomers (for the equilibrium structures, relative energies and computed IR 
                                                          
f
 The main purpose of the kinetic studies was to group the bands generated by photolysis according to the 
number of the products they belong to. For this reason, and for the sake of simplicity, the bands that show the 
same kinetic behavior are marked with the same color, but the different curves are not labeled individually. 
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wavenumber and intensity values see Figure A4 and Table A1), these bands are assigned to 
the NCNCS and the NCSNC isomers (see Tables 4.3.1 and 4.3.2). 
 
Table 4.3.1. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of NCNCS together with assignments. 
Computed
a
 
 
 
Experimental 
Assignment 
Ar matrix
b
 Kr matrix
b
 gas
d
 gas
e
 
2675 (38) 2689.6 (3) 2683.1 (3) - - ν4 + ν2 
2355 (89) 2367.4 (2) 2368.0 (3) - - 2ν3 
2247 (459) 2256.6 (32) 2251.7 (42) 2260.9 2240 ν1 NC str. 
2013 (1229) 1994.9 (94), 1992.1 (6)
f
 1995.8 (100) 2016.4 1920 ν2 NC str. 
1177 (17) 1185.0 (0.7) 1185.6 (0.8) - 1105 ν3 CS str. 
658 (3) - - - - ν4 CN str. 
470 (40) - - - - ν5 NCN bend. 
447 (3) - - - - ν8 NCN bend. 
442 (10) - - - - ν6 NCS bend. 
423 (7) - - - - ν9 NCS bend. 
84 (4) 
c c c c ν7 CNC def. 
a
 CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/aug-cc-pVDZ 
anharmonic contributions. For fundamental modes harmonic IR intensities computed at the 
CCSD(T)/aug-cc-pVTZ, for combination and overtone bands anharmonic IR intensities 
computed at the CCSD(T)/aug-cc-pVDZ level of theory are given in parentheses. 
b
 This work. The relative absorbance of the most intense band of NCNCS was chosen to be 
100. 
c
 Out of the investigated spectral region. 
d
 See Ref. 61. 
e
 See Ref. 130. 
f
 Site split bands. 
 
The bands at 2256.6, 1994.9, and 1185.0 cm
−1
 in Ar (and the corresponding bands at 
2251.7, 1995.8, and 1185.6 cm
−1
 in Kr) are assigned to the ν1, ν2, and ν3 fundamental 
vibrational transitions of cyanogen isothiocyanate. The fourth band from this group at 
2689.6 cm
−1
 in Ar and 2683.1 cm
−1
 in Kr can be assigned to the ν4 + ν2 combination band, 
while the band at 2367.4 cm
−1
 / 2368.0 cm
−1
 in Ar/Kr is assigned to the overtone of the 
ν3 fundamental band of NCNCS. The computations predict a band at 470 cm
−1
 with a medium 
intensity. In this lower region the signal to noise ratio is at least an order of magnitude worse 
than in the central part of the investigated spectral window, it explains why this band was not 
observed in the spectra. The other vibrational transition modes of NCNCS have very low 
(≤10 km mol−1) computed intensities so the observation of these bands is not expected. 
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Table 4.3.2. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of NCSNC together with assignments.  
Computed
a 
 
 
Experimental 
Assignment 
Ar matrix
b
 Kr matrix
b
 
2161 (0.7) - - ν1 CN str. 
2033 (217) 2045.7 (68), 2043.4 (32)
e
 2043.1 (100) ν2 NC str. 
750 (14) - - 2ν8 
728 (28) 690.8 (12) 691.2 (1) ν9 + ν5 
679 (11)
d
 673.1 (4) 689.1 (2) ν4 NS str. 
630 (20)
d
 - - ν3 SC str. 
457 (3) - - ν5 SCN bend. 
358 (2) 
c
 
c ν8 SCN bend. 
242 (0.01) 
c
 
c
 ν9 SNC bend. 
239 (2) 
c
 
c
 ν6 SNC bend. 
110 (6) 
c
 
c
 ν7 NSN def. 
a
 CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by anharmonic contributions. 
Except for ν3 and ν5 anharmonic corrections were determined at the CCSD(T)/aug-cc-pVTZ, 
for ν3 and ν5 at the CCSD(T)/cc-pVDZ level of theory. For fundamental modes harmonic IR 
intensities computed at the CCSD(T)/aug-cc-pVTZ, for combination and overtone bands 
anharmonic IR intensities computed at the CCSD(T)/aug-cc-pVDZ level of theory are given 
in parentheses. 
b
 The relative absorbance of the most intense band of NCSNC was chosen to be 100. 
c
 Out of the investigated spectral region. 
d
 The anharmonic intensities computed for these two bands at the CCSD(T)/aug-cc-pVDZ 
level show reverse order, 17.1 km mol
−1
 and 11.5 km mol
−1
 for ν4 and ν3, respectively. 
e
 Site split bands. 
 
From the other group of the investigated bands the ones at 2045.7 and 673.1 cm
−1
 in Ar, 
and at 2043.1 and 689.1 cm
−1
 in Kr are assigned to the ν2 and ν4 fundamental vibrational 
transitions of the NCSNC isomer. Observation of further fundamental transitions is not 
expected due to the predicted low intensity (ν1, ν3, and ν5), or because they are out of the 
investigated spectral region (ν6 − ν9). The bands with 690.8 cm
−1
 / 691.2 cm
−1
 experimental 
wavenumber values can very likely be assigned to one of the combination bands (ν9 + ν5) of 
NCSNC. 
One of the observed isomers, NCNCS, was identified previously in the gas phase using 
IR spectroscopy. The wavenumbers of the ν1 and ν2 fundamental transitions differ by 4.3 and 
21.5 cm
−1
 in Ar, and 9.2 and 20.6 cm
−1
 in Kr from the corresponding gas-phase values 
observed by DeVore.
61
 The differences can be explained by the Ar matrix shift.
131
 Neidlein 
and Reuter
130
 also published results for NCNCS, but their values show larger differences both 
from the present measurements and also from the values observed by DeVore (see 
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Table 4.3.1), and they seem to be less reliable. The other observed isomer, NCSNC, was not 
identified experimentally before. 
Although two isomers were observed as photolysis products after the 254 nm 
irradiation, other isomers are also could be potential products or at least intermediates. One of 
them, CNSNC, has computed IR wavenumbers which are close to the values of NCSNC, but 
the computed intensity of the ν1 band is ~2 orders of magnitude larger in the case of CNSNC 
than for NCSNC. So in the case if the bands at around 700 cm
−1
 were detected then the ν1 
band at around 2150 cm
−1
 also should be detectable for the CNSNC isomer, but only one band 
was observed around 2150 cm
−1
. It means that only NCSNC was generated in detectable 
amounts. In contrast to the CNSNC, the ν1 band of NCSNC has a very low computed 
intensity, explaining that only one of the bands of this isomer was detected in this region. A 
possible explanation for the failure of the observation of CNSNC is that the lowest computed 
singlet excitation energy is within 25 nm from 254 nm for this isomer, which means that it is 
also not stable against the irradiation used for the generation of the new isomers. Furthermore, 
neither the possible intermediates of the isomerization processes, nor the CN or NCS radicals 
were observed in the experiments. Although these species are expected to be present in the 
matrix during irradiation, their concentrations remained under the detection limit. 
The relative abundances of the two observed photoproducts were different in Ar and Kr 
matrices at the end of the photolysis. The ratio of the most intense band of NCNCS and that 
of NCSNC in Kr was about two times larger than in Ar. The formation of the more stable 
NCNCS from NCSCN requires a larger cavity than that of the NCSNC isomer; therefore the 
NCSCN→NCNCS photoisomerization process takes place more effectively in the larger sites 
of Kr matrix, which can be an explanation for the different results using different matrices. 
As it is shown in Figures 4.3.1 and 4.3.2, all of the bands assigned to the NCSCN, 
NCNCS, and NCSNC isomers decreased upon BBUV photolysis. In parallel, the intensities of 
the bands of NCNC were increased, and a new band appeared (at 1992.4 cm
−1
 in Ar) that can 
be assigned to CNNC,
129
 which also support that the bands appeared after the 254 nm 
irradiation belong to [2C, 2N, S] isomers. After the broad-band UV photolysis experiments, 
when the matrix was warmed up, a bright, blue chemiluminescence was observed, which 
spectrum is very similar to the previously measured emission spectra of S2.
132
 Since S2 is 
generated in an excited state from sulfur atoms, this proves that the [2N, 2C, S] isomers 
decompose to NCNC (or CNNC) and S upon unfiltered BBUV photolysis. 
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4.4. Preparation of NCSeCN 
13.5 g of silver selenocyanate (AgNCSe) − synthesized by the stoichiometric reaction of 
KNCSe dissolved in ethanol and CH3COOAg dissolved in water − was suspended in 100 ml 
of CH2Cl2 with vigorous stirring. Iodine solution (8.0 g I2 / 200 ml of CH2Cl2) was added to 
the mixture. After a rapid discoloration, the mixture was stirred for one hour further at +10 °C 
before decanting. The remaining solution was orange. The solvent was then distilled off under 
reduced pressure in a water-bath. The remaining powder was canary-yellow, and colorless, 
easily separable NCSeCN crystals were observed in it. The product was stored in a closed 
Schlenk tube under reduced pressure in the dark at +5 °C. 
Before matrix-isolation measurements the purity of NCSeCN was checked by EI
+
 MS 
and Raman spectroscopy. The results of these measurements are in a very good agreement 
with the previous literature values:
69
 EI
+
 MS: m/z 132 [M
+
], 106 [M−CN]+; Raman (in cm−1): 
2186 (with a shoulder at 2179) vs, 509 s, 451 w, 347 (with a shoulder at 340) vw, 305 (with a 
shoulder at 314) vw. 
 
4.5. MI-IR spectra of NCSeCN 
The MI-IR spectra of the NCSeCN : Ar and NCSeCN : Kr mixtures together with the 
computed spectrum of selenium dicyanide are shown in Figure 4.5.1. 
 
Figure 4.5.1. a) MI-IR spectra of NCSeCN isolated a) in an Ar matrix at 10 K and b) in a Kr 
matrix at 18 K. c) Computed IR spectrum of NCSeCN (CCSD(T)/aug-cc-pVTZ harmonic 
wavenumbers corrected by CCSD(T)/(aug-)cc-pVDZ anharmonic contributions. IR intensities 
obtained by the harmonic approximation at the CCSD(T)/aug-cc-pVTZ level of theory). 
37 
 
Table 4.5.1. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of NCSeCN together with assignments. 
Computed
a
 
 
 
Experimental 
Assignment 
Ar
b
 Kr
b
 
KBr 
pellet
c
 
KBr 
pellet
d
 
2704 (0.1) 2699.3 (1) - - - ν2 + ν1 
2613 (0.2) 2619.6 (1) 2617.7 (2) - - ν3 + ν1 
2495 (0.4) 2510.2 (0.7) 2499.8 (1) - - ν7 + ν5 
2489 (0.3) 2502.6 (4) 2497.0 (0.8) - - ν6 + ν1 
2455 (0.1) 2464.7 (1) 2462.0 (1) - - ν9 + ν1 
2447 (0.2) 2455.7 (2) 2453.4 (1) - - ν9 + ν7 
2176 (2) 
2186.3 (5), 
2183.1 (20)
f
 
2182.7 (5), 
2181.6 (10)
f
 
2181 (s) 2183 (m) ν1 CN str. 
2168 (1) 2174.0 (10) 
2173.9 (2), 
2172.3 (4)
f
 
- 2175 (m) ν7 CN str. 
581 (5) 573.6 (14) 573.1 (11) - - 2ν9 
547 (6) 
527.5 (1), 526.1 
(62), 524.4 (37)
f
 
526.7 (26), 
525.4 (35), 
524.2 (21), 
523.0 (18)
f
 
507 (vvs) 516 (vs) ν8 CSe str. 
528 (6) 
522.6 (17), 
521.0 (1)
f
 
520.8 (14), 
519.3 (1)
f
 
- - ν2 CSe str. 
439 (1) - - 436 (w) 436 (m) ν3 SeCN bend. 
330 (0) 
e
 
e
 - 345 (w) ν5 SeCN bend. 
316 (3) 
e
 
e
 - 336 (s) ν6 SeCN bend. 
282 (1) 
e
 
e
 - 312 (w) ν9 SeCN bend. 
104 (7) 
e e 
- - ν4 CSeC def. 
a
 CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by anharmonic contributions. 
Except for ν8 anharmonic corrections were determined at the CCSD(T)/aug-cc-pVDZ, for ν8 
at the CCSD(T)/cc-pVDZ level of theory. For fundamental modes harmonic IR intensities 
computed at the CCSD(T)/aug-cc-pVTZ, for combination and overtone bands anharmonic IR 
intensities computed at the CCSD(T)/aug-cc-pVDZ level of theory are given in parentheses. 
b
 This work. The relative intensity of the most intense band of NCSeCN was chosen to be 100. 
c
 See Ref. 67. 
d
 See Ref. 78. 
e
 Out of the investigated spectral region. 
f
 Site split bands. 
 
As it is shown in Figure 4.5.1 and Table 4.5.1, the measured MI-IR spectra are in a 
good agreement with both the computed and the formerly published solid-phase IR spectra. 
The most intense bands in the MI-IR spectra are at 526.1 and 522.6 cm
−1
 in Ar, the 
corresponding values are 525.4 and 520.8 cm
−1
 in Kr. These bands belong to the CSe 
stretching modes and they are shifted ~150 cm
−1
 to the red compared to the CS stretching 
modes of NCSCN as it is expected on the basis of the computations. The bands of the CN 
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stretching modes of NCSeCN are at 2174.0 cm
−1
 and 2183.1 cm
−1
 in Ar; and at 2172.3 cm
−1
 
and 2181.6 cm
−1
 in Kr, and they differ only with a few cm
−1
 compared to the values observed 
for the sulfur analogues. Some further very low intensity bands were observed, which can be 
assigned as combination bands (at 2699.3, 2619.6, 2510.2, 2502.6, 2464.7, and 2455.7 cm
−1
 
in Ar; and at 2617.7, 2499.8, 2497.0, 2462.0, and 2453.4 cm
−1
 in Kr) or overtones (at 
573.6 / 573.1 cm
−1
). As shown in Table 4.5.1, four of the fundamental vibrational transitions 
are out of the investigated spectral region, while the computed intensity of the ν3 band is 
almost zero, so the observation of these bands is not expected. 
 
4.6. Generation of NCSeNC and NCNCSe 
Based on the computational results, which predict a UV transition for NCSeCN at 
around 250 nm, similarly to the sulfur analogue, a 254 nm irradiation was tried first to 
generate new isomers. It bleached all of the bands of the precursor and some new bands were 
observed in the spectra measured after the photolysis (see Figures 4.6.1 and 4.6.2). 
Figure 4.6.1. a) Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 58 h of 254 nm photolysis of 
NCSeCN in an Ar matrix. b) Difference spectrum as obtained by subtraction of the spectrum 
recorded after 58 h of 254 nm photolysis from the spectrum recorded after subsequent 2 h of 
broad-band UV irradiation in an Ar matrix. c) and d) Computed IR spectrum of NCNCSe and 
NCSeNC, respectively. (CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by 
CCSD(T)/aug-cc-pVDZ anharmonic contributions, IR intensities obtained by the harmonic 
approximation at the CCSD(T)/aug-cc-pVTZ level of theory.) 
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Figure 4.6.2. a) Difference spectrum as obtained by subtraction of the deposited spectrum 
from the spectrum recorded after 18.5 h of 254 nm photolysis of NCSeCN in a Kr matrix. b) 
Difference spectrum as obtained by subtraction of the spectrum recorded after 18.5 h of 
254 nm photolysis from the spectrum recorded after subsequent 1.5 h of broad-band UV 
irradiation in a Kr matrix. c) and d) Computed IR spectrum of NCNCSe and NCSeNC, 
respectively. (CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by 
CCSD(T)/aug-cc-pVDZ anharmonic contributions, IR intensities obtained by the harmonic 
approximation at the CCSD(T)/aug-cc-pVTZ level of theory.) 
 
Some of these bands were observed in previous experiments, like the bands at 3305.1 
and 720.8 cm
−1
, which assigned to the HCN molecule.
133
 HCN was likely produced by the 
reaction of the precursor selenium dicyanide with water traces. The bands at 2295.7 and 
2053.9 cm
−1
 in Ar, and at 2293.0 and 2052.8 cm
−1
 in Kr also belong to a byproduct; it was 
assigned to the NCNC molecule,
129
 which is a decomposition product of NCSeCN or any of 
its isomers generated during the irradiation. In addition, some new, previously not observed 
and identified bands were present in the spectra at 2055.3 (2049.6) cm
−1
 in Ar, and at 2260.9, 
2047.5, 1970.7 (1965.7) cm
−1
 in Kr. On the basis of expected analogies with the experiments 
on the sulfur analogue system, and on comparison of the measured and computed 
wavenumbers and IR intensities, these bands can be assigned to two, previously not observed 
isomers, to the NCNCSe and NCSeNC molecules (see Tables 4.6.1 and 4.6.2). 
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Table 4.6.1. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of NCNCSe together with assignments.  
Computed
a
 
 
 
Experimental 
Assignment 
Kr matrix
b
 
2257 (617) 2260.9 (52) ν1 NC str. 
2012 (1232) 1970.7 (89), 1965.7 (11)
d
 ν2 NC str. 
1106 (16) - ν3 CSe str. 
510 (3) - ν4 CN str. 
434 (28) - ν8 NCN bend. 
429 (8) - ν5 NCN bend. 
404 (17) - ν6 NCSe bend. 
387 (0.3) 
c ν9 NCSe bend. 
65 (5) 
c ν7 CNC def. 
a
 CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/aug-cc-pVDZ 
anharmonic contributions. Harmonic IR intensities computed at the CCSD(T)/aug-cc-pVTZ 
level of theory are given in parentheses. 
b
 The relative intensity of the most intense band of NCNCSe was chosen to be 100. 
c
 Out of the investigated spectral region. 
d
 Site split bands. 
 
Table 4.6.2. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances of 
NCSeNC together with assignments.  
Computed
a 
 
 
Experimental 
Assignment 
Ar matrix
b
 Kr matrix 
2160 (2) - - ν1 CN str. 
2039 (241) 2055.3 (49), 2049.6 (51)
d
 2047.5 ν2 NC str. 
551 (17) - - ν3 SeC str. 
533 (14) - - ν4 NSe str. 
406 (2) - - ν5 SeCN bend. 
325 (2) 
c
 
c
 ν8 SeCN bend. 
220 (0.004) 
c
 
c
 ν9 SeNC bend. 
215 (2) 
c
 
c
 ν6 SeNC bend. 
97 (5) 
c
 
c
 ν7 NSeN def. 
a
 CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/aug-cc-pVDZ 
anharmonic contributions. Harmonic IR intensities computed at the CCSD(T)/aug-cc-pVTZ 
level of theory are given in parentheses. 
b
 The relative intensities of the bands are given in parentheses. 
c
 Out of the investigated spectral region. 
d
 Site split bands. 
 
Although only two bands for NCNCSe and one band for NCSeNC was observed, the 
lack of the observation of the other bands can be explained by the very large differences in the 
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intensities. As it can be seen in Table 4.6.1, NCNCSe has two very intense bands, while the 
other bands in the investigated spectral region have two orders of magnitude smaller 
intensities. For NCSeNC only the ν2 band has large intensity (see Table 4.6.2), while the 
others are at least one order of magnitude less intense. The detection of these less intense 
bands is expected only in the case if the amount of the appropriate isomers is large. 
It should be noted that two further isomers (NCCNSe and CNCNSe) have computed 
bands close to the observed 2260.9 cm
−1
 value, namely at 2265 and 2283 cm
−1
 (see 
Table A2). However, computations predict intense bands for these isomers at 1007 and 
1046 cm
−1
, but in the 1080−930 cm−1 region no band that behave similarly as the band at 
2260.9 cm
−1
 was observed. Furthermore, in former measurements the CN stretching bands of 
NCCNSe were observed at 2232 and 2221 cm
−1
, so the formation of this isomer in the present 
experiment can be excluded from experimental side, also.
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As it can be seen in Tables 4.6.1, 4.6.2, and in Figures 4.6.1, 4.6.2, NCNCSe was 
observed only in Kr matrices (together with NCSeNC), while in the case of Ar matrix only 
one new isomer was generated. Similar differences were observed in the experiments with the 
S-containing isomers, namely that the generation of NCNCS isomer was more effective in Kr 
matrix due to the larger sites. In the case of the selenium analogue having larger space 
requirements, this difference is so significant, that only one of the isomers, the NCSeNC can 
be generated in Ar matrix. 
After the narrow-band irradiation of the matrices, a BBUV photolysis was also carried 
out, which resulted in the decomposition all of the observed [2C, 2N, Se] isomers, while the 
intensity of the band assigned to NCNC increased. At the end of the experiments, when the 
matrix was warmed up to 30−40 K, a very light blue-purple chemiluminescence was 
observed, which could be the emission of the Se2. The intensity of the emitted light was under 
the sensitivity of our spectrometer, therefore the emission was only observed by eyes. These 
observations prove that the generated [2C, 2N, Se] isomers decompose to NCNC and Se upon 
BBUV photolysis. 
In different experiments 365 and 313 nm irradiations were also tried to generate new 
isomers from NCSeCN. Although some new bands with same wavenumber values as in the 
254 nm experiments were observed, their intensities were ~50 and ~5 times smaller in the 365 
and 313 nm experiments, respectively, compared to the intensity of corresponding bands in 
the 254 nm experiments. 
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5. Investigation of the [NH2, C, N, X] (X = O, S) systems
134
 
Despite the many possible isomers which can be constructed using these atoms and the 
amino group, only two of the isomers, aminoisocyanate (H2NNCO) and cyanamide-N-sulfide 
(H2NCNS) were generated before. From these two, experimentally observed isomers, only the 
H2NNCO was studied by matrix-isolation methods. In that study 
1,2,5-oxadiazole-3,4-diamine was used as one of the precursors. The aim of my work was to 
generate many new isomers starting from the previously used O-containing precursor and its 
S-analogue by UV irradiation and spectroscopically identify the products. 
 
5.1. Precursors 
1,2,5-oxadiazole-3,4-diamine (see Scheme 5.1.1) was obtained as a commercial product 
(Sigma-Aldrich, 97%) and it was used without further purification. 
1,2,5-thiadiazole-3,4-diamine was prepared following a literature method and the purity of the 
product was checked using solid-phase IR and Raman spectroscopy (see Figure B1).
135
 The 
samples were stored in closed flasks in the dark at 5 °C (1,2,5-oxadiazole-3,4-diamine) and at 
20 °C (1,2,5-thiadiazole-3,4-diamine). 
 
   
Scheme 5.1.1. Structure of 1,2,5-oxadiazole-3,4-diamine and 1,2,5-thiadiazole-3,4-diamine. 
 
5.2. MI-IR spectra of the precursors 
1,2,5-oxadiazole-3,4-diamine was evaporated into the vacuum chamber at 353 K, while 
the evaporation temperature was 346 K for the sulfur analogue. The MI-IR spectra of the 
precursors, measured using Ar and Kr matrices, are shown in Figures 5.2.1 and 5.2.2. 
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Figure 5.2.1. MI-IR spectra of 1,2,5-oxadiazole-3,4-diamine isolated a) in an Ar matrix at 
10 K and b) in a Kr matrix at 18 K. c) Computed IR spectrum of 
1,2,5-oxadiazole-3,4-diamine (B3LYP/aug-cc-pVTZ harmonic wavenumbers and IR 
intensities). The bands of H2O traces are marked with asterisks. 
 
 
Figure 5.2.2. MI-IR spectra of 1,2,5-thiadiazole-3,4-diamine isolated a) in an Ar matrix at 
10 K and b) in a Kr matrix at 18 K. c) Computed IR spectrum of 
1,2,5-thiadiazole-3,4-diamine (B3LYP/aug-cc-pVTZ harmonic wavenumbers and IR 
intensities). The bands of H2O and CO2 traces are marked with asterisks. 
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For both precursors many intense and some other medium intense and weak bands were 
observed, which are listed in Tables B1 and B2. The wavenumber and intensity values of 
most of the bands are similar in Ar and in Kr in both cases, a small difference was observed 
for 1,2,5-oxadiazole-3,4-diamine, namely the band computed to be at 925 cm
−1
 was observed 
only in Ar at 896.9 cm
−1
. Not considering the bands computed at 764 and 1148 cm
−1
, which 
overlap with other bands in the spectra, the band at 925 cm
−1
 has the smallest computed 
intensity value in the investigated region. This explains why it was not observed in Kr. 
Although a good agreement was observed for both precursors comparing the 
wavenumber and intensity values of the measured bands with the computed ones, two notable 
differences were obtained. One of them is a ~200 cm
−1
 difference in the NH stretching region. 
The other difference is in the low wavenumber region of the spectra. According to the 
computations the most intense bands are expected at 652 cm
−1
 and at 616 cm
−1
 for the O- and 
S-containing precursors, which are the HNH bending modes of the amino groups. In this 
region only less intense, broad bands were observed in both cases. These observations can 
most likely be explained by formation of intramolecular H-bonds between the two −NH2 
groups, which is less accurately modeled by the computations. As it is shown in Tables B1 
and B2, among the computed values only the bands at 404 cm
−1
 and at 451 cm
−1
 were not 
observed in any cases. At this part of the spectrum the signal to noise ratio is poor, and the 
404 cm
−1
 value is almost out of the experimentally investigated region. Moreover, the 
computed intensity of the band at 451 cm
−1
 is very small, these facts can explain the lack of 
the observations of these bands. 
Besides the bands of H2O and CO2 contaminants, some further very low intensity bands 
were observed after deposition, which bands can be combinational bands or overtones, 
because their intensities decreased together during the irradiation with the bands of the 
starting isomers. 
 
5.3. MI-UV spectra of the precursors 
To generate new [NH2, C, N, X] (X = O, S) isomers it is important to choose the 
appropriate wavelengths for the UV irradiations. Therefore the MI-UV spectra of 
1,2,5-oxadiazole-3,4-diamine and 1,2,5-thiadiazole-3,4-diamine were measured in an Ar 
matrix. The evaporation temperature for the MI-UV investigations was 351 K and 338 K, 
respectively. These spectra are shown in Figures 5.3.1 and 5.3.2. 
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Figure 5.3.1. a) MI-UV spectrum of 1,2,5-oxadiazole-3,4-diamine isolated in an Ar matrix at 
12 K. b) MI-UV spectrum recorded after 20 minutes of 254 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine. c) MI-UV spectrum recorded after 20 minutes of 254 nm and 
15 minutes of BBUV photolysis of 1,2,5-oxadiazole-3,4-diamine. 
 
 
 
Figure 5.3.2. a) MI-UV spectrum of 1,2,5-thiadiazole-3,4-diamine isolated in an Ar matrix at 
20 K. b) MI-UV spectrum recorded after 15 minutes of 254 nm photolysis of 
1,2,5-thiadiazole-3,4-diamine. c) MI-UV spectrum recorded after 15 minutes of 254 nm and 
15 minutes of BBUV photolysis of 1,2,5-thiadiazole-3,4-diamine. 
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In the case of the oxadiazole there is a maximum in the UV spectrum at 239 nm, and 
there is another less intense band at around 200 nm. A 254 nm irradiation of the matrix 
resulted in slow decomposition, while a BBUV irradiation in the same amount of time caused 
the complete decomposition of 1,2,5-oxadiazole-3,4-diamine. For the 
1,2,5-thiadiazole-3,4-diamine the maximum band position is red-shifted compared to the 
O-analogue precursor, namely it was found at ~290 nm. Another less intense band was also 
observed at 221 nm. As in the case of 1,2,5-oxadiazole-3,4-diamine both the 254 and the 
BBUV irradiation caused the decomposition of the precursor. 
 
5.4. Generation of H2NNCO, H2NCNO, and H2NC(NO) 
Based on the measured UV spectrum of 1,2,5-oxadiazole-3,4-diamine, the photolysis 
was carried out at the maximum position of the UV band, at 239 nm, and at the lowest 
achievable wavelength of the laser system used, at 213 nm. Many new bands appeared in the 
IR spectra upon photolysis, in parallel with the decrease of the band intensity of the precursor 
(see Figures 5.4.1 and 5.4.2). Some of these appeared bands can be assigned to previously 
known molecules, namely the ones at 3477.3, 3396.0, 1054.3, and 730.3 cm
−1
 in Ar, and at 
3472.8 and 3396.9 cm
−1
 in Kr together with their site bands may belong to the cyanamide 
molecule (H2NCN, see Table B3).
136
 Duvernay et al. observed two further bands for H2NCN 
at 2264 and 1589 cm
−1
 in Ar, which bands have medium computed intensities. In the present 
experiments some bands were also detected around 2260 cm
−1
, but these bands were assigned 
to another product (H2NNCO : H2NCN complex − see later). As it is shown in Table B1, the 
precursor 1,2,5-oxadiazole-3,4-diamine has strong bands around 1550 cm
−1
. These bands are 
negative in the difference spectra and can overlap with the band of H2NCN which explain 
why this band of cyanamide is not visible in the difference spectra.  
In previous experiments the bands at 3425, 2169, 2098, and 886 cm
−1 
observed in Ar 
matrix at 10 K were assigned to carbodiimide (HNCNH).
136
 In the present experiments bands 
with very small intensities were detected at 3437.1, 2172.2, 2091.6, and 883.5 cm
−1
 (with a 
site band at 887.6 cm
−1
) in Ar, and at 3429.6, 2169.9, 2089.1, and 886.7 cm
−1
 in Kr. These 
bands most likely belong to HNCNH, which − according to the observations by Duvernay et 
al. − can be generated from H2NCN by UV irradiation. 
As it is shown in Figures 5.4.1 and 5.4.2, some additional new bands were also 
observed during and after the irradiations both in the Ar and Kr matrix experiments. Among 
the observed nine bands two were not included in the analysis of the rates of formations. The 
band at 829.6/828.4 cm
−1
 (in Ar/Kr) has very low intensity, and the error bar is comparable to 
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the absorbance, while the band at 1323.2 / 1320.6 cm
−1
 overlap with one of the band of the 
precursor, which makes the precise integration impossible. The relative intensity of the other 
seven bands was analyzed as the function of the photolysis time. As it is shown in 
Figures 5.4.3, 5.4.4, B2, and B3, these bands can be divided into two groups. The bands at 
3248.1 (with a site band at 3258.7), 3143.5, and 2337.7 cm
−1
 have a maximum at ~45 minutes 
after the start of the 213 nm irradiation both in Ar and in Kr, while the other bands increase 
monotonically. In the case of 239 nm photolysis, the seven bands can also divided into two 
subgroups, the only difference is that the maximum of the three bands mentioned above is at 
~90 minutes after the start of the irradiation both in Ar and in Kr. The classification of the 
bands was further supported by the comparison of the relative absorbance values of the bands 
after 3 hours irradiations at 213 and 239 nm. The bands at 2274.1 (with site bands at 2270.2, 
2267.6, 2262.8, 2253.3), 2222.9, 1035.3 (with a site band at 1032.7), 1021.8, and 829.6 cm
−1
 
in Ar; and at 2271.7 (with site bands at 2267.6, 2259.4), 2218.6, 1034.5 (with a site band at 
1029.5), 1020.9 (with a site band at 1016.3), and 828.4 cm
−1
 in Kr have higher absorbances 
when the sample is photolyzed at 213 nm than at 239 nm. In contrast to this, the absorbances 
of the other examined bands are smaller after the 213 nm photolysis (see Figures 5.4.1 and 
5.4.2). 
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Figure 5.4.1. a) Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 3 h of 213 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine in an Ar matrix. b) Difference spectrum as obtained by 
subtraction of the spectrum recorded immediately after deposition from the spectrum recorded 
after 3 h of 239 nm photolysis of 1,2,5-oxadiazole-3,4-diamine in an Ar matrix. c) and d) 
Computed IR spectrum of H2NCNO : H2NCN and H2NNCO : H2NCN complexes, 
respectively. (Anharmonic wavenumbers and infrared intensities were obtained at the 
B3LYP/cc-pVTZ level of theory.) e) Computed IR spectrum of H2NC(NO) 
(CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions, IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory). 
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Figure 5.4.2. a) Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 3 h of 213 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine in a Kr matrix. b) Difference spectrum as obtained by 
subtraction of the spectrum recorded immediately after deposition from the spectrum recorded 
after 3 h of 239 nm photolysis of 1,2,5-oxadiazole-3,4-diamine in a Kr matrix. c) and d) 
Computed IR spectrum of H2NCNO : H2NCN and H2NNCO : H2NCN complexes, 
respectively. (Anharmonic wavenumbers and infrared intensities were obtained at the 
B3LYP/cc-pVTZ level of theory.) e) Computed IR spectrum of H2NC(NO) 
(CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions, IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory). 
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Figure 5.4.3. Normalized absorbances of the bands obtained during the 213 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine in Ar matrix a) at 3248.1 (integrated together with its site band 
at 3258.7), 3143.5, and 2337.7 cm
−1
 b) at 2274.1 (integrated together with its site bands at 
2270.2, 2267.6, 2262.8, 2253.3), 2222.9, 1035.3 (integrated together with its site band at 
1032.7), and 1021.8 cm
−1
 c) a broad band around 2100 cm
−1
 with maxima at 2152.6, 2138.6, 
and 2076.7 cm
−1
. 
 
Figure 5.4.4. Normalized absorbances of the bands obtained during the 239 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine in Ar matrix a) at 3248.1 (integrated together with its site band 
at 3258.7), 3143.5, and 2337.7 cm
−1
 b) at 2274.1 (integrated together with its site bands at 
2270.2, 2267.6, 2262.8, 2253.3), 2222.9, 1035.3 (integrated together with its site band at 
1032.7), and 1021.8 cm
−1
 c) a broad band around 2100 cm
−1
 with maxima at 2152.6, 2138.6, 
and 2076.7 cm
−1
. 
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Comparing the measured wavenumber values of the appeared bands with the results of 
Teles and Maier,
99
 and with the computed values of five different [NH2, C, N, O] isomers (see 
Table B4), in case of five bands a very good agreement can be observed for the H2NNCO 
isomer. Although the difference between the computed and the measured values is within 
50 cm
−1
 for each band, it is possible that H2NNCO formed a complex with the other 
photoproduct, the H2NCN molecule. The complex formation is a common phenomenon in the 
case of photodecomposition in low-temperature noble gas matrices, because the fragments 
usually cannot exit from the matrix cage.
137−141
 To investigate this possibility the structure and 
IR spectra of the H2NNCO : H2NCN complexes were computed. These results are shown in 
Table 5.4.1. For both H2NNCO : H2NCN complexes a good agreement was observed between 
the computed and the experimental values, the average difference is 40 cm
−1
, which is in the 
scale of the error of the computations. The lack of the observation of the other computed 
bands can be explained by three different things: a) the computed intensity of a band is small, 
so the observation of the band is not expected; b) the band overlaps with one of the bands of 
the precursor (e.g. in the NH-stretching vibration region, where the computed values of the 
complexes is almost the same as the measured wavenumber values of the precursor); c) the 
band is expected in the lower wavenumber part of the spectrum where the signal to noise ratio 
is not as good as in the higher wavenumber region. Considering these facts and the good 
agreement between the computed and measured values of the bands, the photolysis product 
H2NNCO is likely be in a complex with the H2NCN molecule in the matrix. 
 
52 
 
Table 5.4.1. Equilibrium structures, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of the H2NNCO : H2NCN complexes together with assignments in the 
4000−400 cm−1 region. 
Computed
a
 Experimental 
Assignment 
 
H2NNCO: 
H2NCN−1. 
 
H2NNCO: 
H2NCN−2. 
Ar matrix
b
 Kr matrix
b
 
3464 (57)  
[3620, 105] 
3461 (62)  
[3627, 89] 
- - ν1 NH2 str.
d
 
3372 (16)  
[3555, 26] 
3371 (47)  
[3530, 51] 
- - 
ν2 NH2 str.
e
 / 
NH2 str.
d
 
3342 (91)  
[3493, 101] 
3352 (48)  
[3513, 63] 
- - 
ν3 NH2 str.
d
/ 
NH2 str.
e
 
3187 (41)  
[3394, 76] 
3306 (29)  
[3442, 37] 
- - ν4 NH2 str.
e
 
2316 (220) 
[2350, 535] 
2321 (143) 
[2349, 126] 
2274.1, 2270.2, 
2267.6, 2262.8, 
2253.3 (100)
c
 
2271.7, 2267.6, 
2259.4 (100)
c
 
ν5 CN str.
d,e
 / 
CN str.
d
 
2290 (944) 
[2332, 269] 
2285 (643) 
[2308, 933] 
2222.9 (15) 2218.6 (15) 
ν6 CN str.
d,e
 / 
CN str.
e
 
1634 (7.8)  
[1677, 8.5] 
1624 (6.1)  
[1690, 10] 
- - ν7 NH2 bend.
e
 
1572 (59)  
[1624, 67] 
1572 (34)  
[1620, 33] 
- - ν8 NH2 bend.
d
 
1434 (5.5)  
[1466, 7.0] 
1419 (4.4)  
[1448, 13] 
- - 
ν9 CO and CN 
str.
e
 
1313 (16)  
[1352, 30] 
1314 (7.9)  
[1349, 8.2] 
- - ν10 NH2 def.
e
 
1171 (4.0)  
[1214, 5.4] 
1166 (5.5)  
[1203, 5.2] 
- - ν11 NH2 def.
d
 
1106 (9.0)  
[1111, 3.3] 
1090 (75)  
[1102, 27] 
- - ν12 NC str.
d
 
1007 (71)  
[1065, 104] 
1056 (50)  
[1103, 89] 
1035.3, 1032.7 
(1.6), and 1021.8 
(2.7)
c
 
1034.5, 1029.5 
(1.7), and 
1020.9, 1016.3 
(1.9)
c
 
ν13 NH2 def.
e
 
808 (27)  
[841, 33] 
837 (13)  
[847, 12] 
829.6 (<1.0) 828.4 (<1.0) ν14 NN str.
e
 
663 (69)  
[661, 41] 
649 (50)  
[671, 40] 
- - 
ν15 NCO 
bend.
e
 
516 (32)  
[524, 21] 
550 (11)  
[573, 16] 
- - ν17 def.
d,e
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Table 5.4.1. cont. 
Computed
a
 Experimental 
Assignment H2NNCO: 
H2NCN−1. 
H2NNCO: 
H2NCN−2. 
Ar matrix
b
 Kr matrix
b
 
495 (157)  
[517, 31] 
489 (198)  
[504, 46] 
- - ν18 def.
d
 
451 (92)  
[616, 220] 
451 (84)  
[610, 195] 
- - ν16 def.
d
 
423 (0.6)  
[435, 0.1] 
431 (3.8)  
[419, 0.3] 
- - ν19 def.
d
 
a
 B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities in parentheses. 
The harmonic values at the same level are given in square brackets. 
b
 Bands obtained after 3 hours 239 nm irradiation. The relative intensity of the most intense 
band of H2NNCO : H2NCN was chosen to be 100. 
c
 Site split bands. 
d
 The assignment belongs to H2NCN. 
e
 The assignment belongs to H2NNCO. 
 
Among the observed nine new bands five belong to the H2NNCO : H2NCN complex, 
but the other four bands (namely at 3248.1 (3258.7), 3143.5, 2337.2, 1323.2 in Ar; and at 
3249.3 (3240.9), 3139.4, 2332.7, 1320.6 in Kr) have different relative absorbances vs. 
photolysis time curves, so they likely belong to another photoproduct. Comparing these 
values with the computed ones for the [NH2, C, N, O] isomers (see Table B4), a good match 
occurs with two bands at 2328 and 1378 cm
−1
 computed values for the H2NCNO molecule. If 
the other two experimentally observed bands were assigned to the computed bands at 3417 
and 3365 cm
−1
 of H2NCNO, the difference between the experimental and the computed 
wavenumbers would be about 200 cm
−1
, which is much larger than the error of the 
computations. A possible explanation for this notably large difference is that H2NCNO 
remains in the same cage with the other photoproduct, H2NCN. The two products can easily 
form a H-bonded complex, which can results in a large shift of the NH stretching 
wavenumbers, while only in a minor shift of the bands computed at 2328 and 1378 cm
−1
. To 
explore this possibility, the structure of the H2NCNO : H2NCN complex was determined. As 
it is shown in Table 5.4.2, like in the case of the H2NNCO : H2NCN complexes (between 
atoms 1−10 and 6−7 for complex 1; and 3−10 and 6−7 for complex 2), in this complex there 
are also two H-bonds between the −NH2 groups and the appropriate O or N atoms (between 
atoms 1−10 and 6−7). These H-bonds can cause the shift of some bands compared to the 
non-complexed form of the H2NCNO isomer. This was verified by the computed IR spectrum 
of the H2NCNO : H2NCN complex, namely in the NH-stretching region the wavenumber 
values of the intense bands are ~200 cm
−1
 lower than for the non-complexed H2NCNO. 
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Table 5.4.2. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of the H2NCNO : H2NCN complex together with assignments in the 
4000−400 cm−1 region. 
Computed
a
 
 
H2NCNO : H2NCN 
Experimental
b
 
Assignment 
Ar matrix Kr matrix 
3452 (76) [3609, 96] - - ν1 NH2 str.
e
 
3429 (47) [3600, 66] - - ν2 NH2 str.
f
 
3232 (345) [3386, 285] 3248.1, 3258.7 (100)
c
 3249.3, 3240.9 (100)
c
 ν3 NH2 str.
f
 
3112 (244) [3333, 213] 3143.5 (26) 3139.4 (24) ν4 NH2 str.
e
 
2371 (63) [2444, 81] - - ν5 CN str.
f
 
2301 (109) [2333, 135] 2337.7 (21) 2332.7 (22) ν6 CN str.
e
 
1596 (52) [1645, 54] - - ν7 NH2 bend.
e
 
1588 (11) [1631, 36] - - ν8 NH2 bend.
f
 
1348 (179) [1374, 267] 1323.2 (65
d
) 1320.6 (46
d
) 
ν9 CN and NO 
str.
f
 
1187 (18) [1236, 8.6] - - ν10 NH2 def.
e
 
1182 (24) [1221, 26] - - ν11 NH2 def.
f
 
1121 (2.8) [1116, 2.7] - - ν12 NC str.
e
 
890 (2.5) [906, 17] - - 
ν13 CN and NO 
str.
f
 
575 (160) [692, 209] - - ν14 NH2 def.
f
 
535 (2.0) [543, 3.7] - - ν16 def.
e
 
530 (90) [657, 223] - - ν15 NH2 def.
e
 
481 (20) [501, 22] - - ν17 NCO bend.
f
 
452 (3.7) [454, 0.98] - - ν18 def.
e
 
a
 B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities in parentheses. 
The harmonic values at the same level are given in square brackets. 
b
 Bands obtained after 3 hours 239 nm irradiation. The relative intensity of the most intense 
band of H2NCNO : H2NCN was chosen to be 100. 
c
 Site split bands. 
d
 Uncertain intensity value, the band overlaps with one of the precursor bands. 
e
 The assignment belongs to H2NCN. 
f
 The assignment belongs to H2NCNO. 
 
 
Altogether a much better agreement was observed in the case of the complex not only 
for the wavenumbers, but also for the intensity values. As it is shown in Table 5.4.2 each of 
the bands with larger than 100 km mol
−1
 computed IR intensity value was observed except the 
band at 575 cm
−1
, which is in the lower part of the investigated region where the signal to 
noise ratio is worse. On the basis of the above mentioned analysis and on the comparison of 
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the measured and computed wavenumbers and intensities, H2NCNO is also in a complex with 
the other photoproduct, the cyanamide molecule in the matrix. 
The assignation of the bands is further supported by the experimental observation that 
the bands of the H2NCNO isomer decrease faster upon photolysis at 213 nm than the bands of 
H2NNCO, which is consistent with the computed vertical excitation wavelengths. Based on 
the computations H2NCNO has an absorption band at 216 nm with an oscillator strength of 
0.0031, while H2NNCO have only at 203 and 245 nm (see Table B6). 
In the case of the 239 nm photolysis two further new bands were observed at 3539.9, 
and 1813.8 cm
−1
 in Ar, and at 3535.6, and 1810.9 cm
−1
 in Kr together with their site bands 
(see Table 5.4.3, and Figures 5.4.1 and 5.4.2). As it is shown in Figures B4 and B5, the 
absorbances of these bands were changing together during photolysis, and their absorbance 
vs. time curves differ from the other, above examined bands, which were assigned to the 
H2NNCO : H2NCN and H2NCNO : H2NCN complexes. Comparing the measured and the 
computed wavenumber values with the ones computed for the [NH2, C, N, O] isomers, a good 
agreement was found with the bands of aminooxazirine (H2NC(NO)). This isomer can be 
generated from 1,2,5-oxadiazole-3,4-diamine without the realignment of the atoms; 
furthermore, from the examined five [NH2, C, N, O] isomers, H2NC(NO) is the third in the 
ZPVE corrected relative energy order (see Figure B6), and its Erel. value lower than that of the 
H2NCNO isomer. The H2NC(NO) isomer has a computed vertical excitation wavelength at 
212 nm with an oscillator strength of 0.0062 (see Table B6), this explains its different 
behavior upon the 213 and the 239 nm irradiations. Based on these observations H2NC(NO) 
isomer is a possible carrier of the observed bands. 
As seen from Table 5.4.3, aminooxazirine has another medium intense computed band 
at 3458 cm
−1
, which was not observed experimentally. The precursor molecule has a band at 
3462.7 cm
−1
 in Ar and at 3455.9 cm
−1
 in Kr, so the band of H2NC(NO) likely overlaps with 
this band, making its observation impossible. The other bands for H2NC(NO) have small 
computed intensities or they are in the low wavenumber region of the spectrum so the 
observation of them is not expected. 
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Table 5.4.3. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of H2NC(NO) together with assignments in the 4000−400 cm
−1
 region. 
Computed
a
 
 
 
Experimental
b
 
Assignment 
Ar matrix Kr matrix 
3564 (58) 3539.9, 3542.6, 3550.1 (48)
c
 3535.6, 3530.9, 3526.8 (37)
c
 ν1 NH2 str. 
3458 (54) - - ν2 NH2 str. 
1794 (270) 1813.8, 1804.0 (100)
c
 1810.9, 1800.2 (100)
c
 ν3 CN str. 
1579 (25) - - ν4 NH2 bend. 
1394 (34) - - ν5 CO str. 
1034 (8.3) - - ν6 NH2 def. 
962 (10) - - ν7 NH2 def. 
614 (56) - - ν8 def. 
468 (189) - - ν9 NCO bend. 
446 (20) - - ν11 NH2 def. 
441 (29) - - ν10 def. 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions. Harmonic IR intensities computed at the CCSD(T)/cc-pVTZ level of theory are 
given in parentheses. 
b
 Bands obtained after 3 hours 239 nm irradiation. The relative intensity of the most intense 
band of H2NC(NO) was chosen to be 100. 
c
 Site split bands. 
 
Although a very good agreement was observed between the measured and computed 
values of H2NC(NO), two other possible carrier of these bands were also investigated. 
Pettersson et al. observed bands for H2NCO at 3518.5 and 1794.2 (1796.6, 1806.5, 
1811.8) cm
−1
 in Xe.
142
 These values are very close to the observed bands in the present 
experiments, however, based on the computed vertical excitation energies and oscillator 
strengths of H2NCO (221 nm (0.0217), 230 nm (0.0237), computed at the TD−DFT 
B3LYP/cc-pVTZ level of theory), the same behavior is expected at 239 and 213 nm. In the 
case of the photolysis of 1,2,5-thiadiazole-3,4-diamine (see Section 5.5) new bands were also 
observed very close to the two bands appeared during the 239 nm irradiation of 
1,2,5-oxadiazole-3,4-diamine. If the observed bands belong to H2NCO in the case of the 
irradiation 1,2,5-oxadiazole-3,4-diamine, then, assuming the same behavior between the 
O- and S-analogues precursors during photolysis, it is expected that H2NCS is also produced 
in the experiments with 1,2,5-thiadiazole-3,4-diamine. Based on the computations carried out 
for H2NCS, the generation of this isomer can be excluded due to the strong disagreement 
between the experimental and the computed results, which also precludes the formation of the 
H2NCX (X = O, S) isomers in any of the present experiments. 
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The other possibility is that the observed two new bands belong to the complexed form 
of aminooxazirine (H2NC(NO) : H2NCN). The structure and IR spectra of these complexes 
were determined (see Table B7), however larger differences were observed than for the 
non-complexed H2NC(NO). Due to the complexation, the computations predict lower 
wavenumber values in the NH-stretching region and these values not match with the 
experimental observations. Furthermore, the computations predict intense bands at around 
3300 and 2300 cm
−1
 for the complexes, and these bands were not observed in any of the 
experiments. Although some sub-bands (see Table 5.4.3) were observed, which (e.g. similarly 
to the experiments with FC(NS)
18
) may indicate that a weak complex formed, due to the large 
differences this product is not any of the computed H-bonded complexes. A possible reason is 
that in the rigid matrix cage the fragments cannot rotate into the appropriate orientation to 
form the computed stable complexes, and only weakly interacting molecular pairs are formed. 
Therefore the assignment of the observed bands to the free H2NC(NO) molecule seems to be 
a better choice. 
After both the 213 and 239 nm irradiations of 1,2,5-oxadiazole-3,4-diamine an 
unidentified broad band was observed in the spectra around 2100 cm
−1
 with maxima at 
2152.6, 2138.6, and 2076.7 cm
−1
 in Ar; and at 2148.5, 2136.7, and 2074.2 cm
−1
 in Kr (see 
Figures 5.4.1 and 5.4.2). A possible explanation is that this band belong to other 
[NH2, C, N, O] isomers, like H2NOCN or H2NONC. As seen in Table B4, these isomers have 
medium intense computed bands around 1200 cm
−1
, so these should also be observed if the 
bands around 2100 cm
−1
 would belong to H2NOCN or H2NONC. The intensity of this 
unidentified band is increased monotonically during the irradiation at both wavelengths (see 
Figures 5.4.3, 5.4.4, B2, and B3) and its absorbance vs. photolysis time curves are different 
from the curves of the above assigned bands. A possible carrier of the band can be a small 
photoproduct, which is stable against the UV irradiation at 213 and 239 nm, like CO.
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5.5. Generation of H2NNCS, H2NCNS, and H2NC(NS) 
As it is shown in Figure 5.3.2, the maximum band position of 
1,2,5-thiadiazole-3,4-diamine was found at ~290 nm, and another less intense band was 
observed at 221 nm in the MI-UV spectrum. On the basis of this measurement, the photolysis 
of the precursor was carried out at 270, 280, 290, and 221 nm in Ar; and at 280 and 221 nm in 
Kr matrices. These irradiations resulted in the decrease of the bands of 
1,2,5-thiadiazole-3,4-diamine, while some new bands appeared in the spectra (see 
Figures 5.5.1 5.5.2, and Tables 5.5.1, 5.5.2, 5.5.3). 
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Figure 5.5.1. a) Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 3 h of 221 nm photolysis of 
1,2,5-thiadiazole-3,4-diamine in an Ar matrix. b) Difference spectrum as obtained by 
subtraction of the spectrum recorded immediately after deposition from the spectrum recorded 
after 3 h of 280 nm photolysis of 1,2,5-thiadiazole-3,4-diamine in an Ar matrix. c) Computed 
IR spectrum of H2NC(NS) (CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by 
B3LYP/cc-pVTZ anharmonic contributions, IR intensities obtained by the harmonic 
approximation at the CCSD(T)/cc-pVTZ level of theory). d) and e) Computed IR spectra of 
H2NNCS : H2NCN and H2NCNS : H2NCN complexes, respectively. (Anharmonic 
wavenumbers and infrared intensities were obtained at the B3LYP/cc-pVTZ level of theory.) 
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Figure 5.5.2. a) Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 3 h of 221 nm photolysis of 
1,2,5-thiadiazole-3,4-diamine in a Kr matrix. b) Difference spectrum as obtained by 
subtraction of the spectrum recorded immediately after deposition from the spectrum recorded 
after 3 h of 280 nm photolysis of 1,2,5-thiadiazole-3,4-diamine in a Kr matrix. c) Computed 
IR spectrum of H2NC(NS) (CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by 
B3LYP/cc-pVTZ anharmonic contributions, IR intensities obtained by the harmonic 
approximation at the CCSD(T)/cc-pVTZ level of theory). d) and e) Computed IR spectra of 
H2NNCS : H2NCN and H2NCNS : H2NCN complexes, respectively. (Anharmonic 
wavenumbers and infrared intensities were obtained at the B3LYP/cc-pVTZ level of theory.) 
 
The intensity changes of these new bands were investigated in the function of the 
photolysis time. On the basis of these investigations the bands were grouped into three 
different subgroups and they very likely belong to three different products. (For the relative 
absorbance vs. photolysis time curves see Figures B7−B10.) Comparing the measured and the 
computed wavenumber and intensity values, and considering the results obtained for the 
photolysis of the O-analogue precursor, the new bands can be assigned to H2NNCS, 
H2NCNS, and H2NC(NS) isomers. 
Not considering the bands with quite large computed intensity values in the 
600−400 cm−1 region of the spectrum, where the signal to noise ratio is worse compared to the 
larger wavenumber part, each band with higher than 50 km mol
−1
 computed intensity was 
observed for H2NC(NS). As seen from Table 5.5.1, the agreement is very good between the 
computed and the experimental values for this ring-structure molecule. There is one more 
band in the NH stretching region at 3445 cm
−1
 which computed intensity is almost the same 
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as another, experimentally observed band. A possible explanation for the lack of the 
observation is that the precursor has a very intense band at 3467.2 cm
−1
 in Ar and at 
3460.6 cm
−1
 in Kr, which likely overlaps with the band of H2NC(NS). The other three bands 
have smaller than 35 km mol
−1
 computed intensity, the observation of them is not expected in 
the case if the amount of the product is small. 
 
Table 5.5.1. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of H2NC(NS) together with assignments in the 4000−400 cm
−1
 region. 
Computed
a
 
 
 
Experimental
b
 
Assignment 
Ar matrix Kr matrix 
3559 (51) 3531.0, 3521.6 (64)
c
 3519.4, 3513.9 (72)
c
 ν1 NH2 str. 
3445 (50) - - ν2 NH2 str. 
1792 (159) 1793.8, 1792.1 (100)
c
 1791.0 (100) ν3 CN str. 
1587 (34) - - ν4 NH2 bend. 
1218 (70) 1230.4 (11) 1228.4 (24) ν5 NH2 def. 
1048 (14) - - ν6 NC str. 
677 (19) - - ν7 CS str. 
548 (85) - - ν8 def. 
478 (18) - - ν9 NCS bend. 
444 (174) - - ν10 NH2 def. 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions. Harmonic IR intensities computed at the CCSD(T)/cc-pVTZ level of theory are 
given in parentheses. 
b
 Bands obtained after 3 hours 280 nm irradiation. The relative intensity of the most intense 
band of H2NC(NS) was chosen to be 100. 
c
 Site split bands. 
 
The three bands of H2NC(NS) listed in Table 5.5.1 were observed best upon after the 
270, 280, and 290 nm irradiations. When a 221 nm photolysis was carried out after these 
irradiations, the bands of H2NC(NS) started to decrease very fast, while in the case if the 
precursor was photolyzed at 221 nm immediately after deposition, the three bands also 
appeared, but their intensities were very small. As seen from the relative absorbances vs. 
photolysis time curves (Figures B7−B10) the 290 nm irradiation resulted in the monotonous 
growth of the bands of this ring-containing molecule. As the wavelength used for the 
photolysis was reduced, these bands started to decrease during the irradiation. These 
observations are consistent with the computed vertical excitation energies of the H2NC(NS) 
molecule (see Table B6). 
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Although a very good agreement was observed for the H2NC(NS) isomer between the 
computed and the experimental results, two further possibilities were also examined. In the 
case of the O-analogue experiments H2NCO was investigated as one of the possible carriers 
of the observed bands. Although in that case the differences between the computed and 
experimental wavenumber values were quite small, H2NCO was precluded as a product due to 
its computed vertical excitation energies and oscillator strengths. For H2NCS the computed 
B3LYP/cc-pVTZ anharmonic wavenumbers (in cm
–1
) in the 4000−600 cm−1 region with 
larger than 10 km mol
−1
 intensities (given in parentheses) are the follows: 3432 (56), 1595 
(70), 1473 (218), 860 (11). Comparing these values with the observed ones, a large difference 
can be observed, so the bands observed at 3531.0 (3521.6), 1793.8 (1792.1), and 1230.4 cm
−1
 
in Ar; and at 3519.4 (3513.9), 1791.0, and 1228.4 cm
−1
 in Kr not belong to this product. 
Assuming the same photochemical behavior of the O- and S-analogue precursors, this 
observation also supports that in the case of 1,2,5-oxadiazole-3,4-diamine one of the 
photolysis product was not H2NCO. 
The other possibility is that the H2NC(NS) forms a complex with the other 
photoproduct, the cyanamide molecule. To verify this, the structure of the 
H2NC(NS) : H2NCN complexes were determined and their IR spectra were computed. As 
seen from Table B7, the computations predict intense bands around 3300 cm
−1
, which is 
− due to the complexation − significantly smaller wavenumber value compared to the free 
H2NC(NS) isomer; and an intense band in the CN stretching region. In the experiments only 
one of these bands was observed in the NH stretching region, at ~200 cm
−1
 higher than the 
computed wavenumber value, and bands in the CN stretching region belong to H2NC(NS) 
were not observed. Based on these large differences, the H2NC(NS) isomer is likely be only 
in a weakly-bonded complex with the H2NCN molecule, like as it was supposed in the case of 
H2NC(NO). 
Comparing the wavenumbers and intensities of the other two groups of bands appeared 
during photolysis with the computed values of the H2NCNS and H2NNCS isomers (see 
Table B5), large differences were observed. A possible explanation for the differences that the 
photoproducts are not these molecules, however it is not expected based on the similar 
behavior of the 1,2,5-oxadiazole-3,4-diamine and 1,2,5-thiadiazole-3,4-diamine precursors 
during photolysis. Another possibility is that the products are in H-bonded complexes with the 
H2NCN. To confirm this, the structure and IR spectra of the H2NNCS : H2NCN and 
H2NCNS : H2NCN complexes were determined (see Tables 5.5.2 and 5.5.3). 
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Table 5.5.2. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of the H2NNCS : H2NCN complex together with assignments in the 
4000−400 cm−1 region. 
Computed
a
 
 
H2NNCS : H2NCN 
Experimental
b
 
Assignment 
Ar matrix Kr matrix 
3465 (36) [3633, 76] - - ν1 NH2 str.
d
 
3394 (35) [3542, 44] - - ν2 NH2 str.
d
 
3345 (79) [3518, 92] 3310.7, 3319.4 (6.9)
c
 3308.8, 3304.9 (13)
c
 ν3 NH2 str.
e
 
3280 (94) [3425, 112] 
3276.8, 3269.4, 
3284.8 (8.6)
c
 
3276.0, 3264.9 (15)
c
 ν4 NH2 str.
e
 
2321 (140) [2350, 125] 2267.2, 2261.2 (52)
c
 2264.2, 2259.6 (67)
c
 ν5 CN str.
d
 
2068 (435) [2103, 572] 2121.7, 2131.6 (100)
c
 2114.7, 2118.7 (100)
c
 ν6 CN str.
e
 
1608 (5.3) [1676, 24] - - ν7 NH2 bend.
e
 
1596 (34) [1630, 37] 1570.7, 1584.4 (16)
c
 1566.1, 1579.5 (38)
c
 ν8 NH2 bend.
d
 
1321 (13) [1376, 23] - - ν9 NH2 def.
e
 
1170 (4.7) [1197, 0.64] - - ν10 NH2 def.
d
 
1126 (38) [1175, 82] - - ν11 NH2 def.
e
 
1099 (9.9) [1106, 5.9] - - ν12 NC str.
d
 
881 (126) [930, 169] 
933.3, 943.3, 905.6, 
888.0 (29)
c
 
940.1, 931.1, 905.8, 
887.1 (24)
c
 
ν13 NH2 def.
e
 
688 (19) [711, 24] - - ν14 NN str.
e
 
518 (65) [520, 64] - - ν16 NCS bend.
e
 
485 (394) [502, 71] - - ν17 def.
d
 
481 (24) [586, 170] - - ν15 def.
d
 
438 (9.7) [420, 1.3] - - ν19 def.
d
 
437 (8.3) [421, 2.1] - - ν18 def.
d,e
 
a
 B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities in parentheses. 
The harmonic values at the same level are given in square brackets. 
b
 Bands obtained after 3 hours 280 nm irradiation. The relative intensity of the most intense 
band of H2NNCS : H2NCN was chosen to be 100. 
c
 Site split bands. 
d
 The assignment belongs to H2NCN. 
e
 The assignment belongs to H2NNCS. 
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Table 5.5.3. Equilibrium structure, computed and experimental vibrational transitions (in 
cm
−1
), computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in 
parentheses) of the H2NCNS : H2NCN complex together with assignments in the 
4000−400 cm−1 region. 
Computed
a
 
 
H2NCNS : H2NCN 
Experimental
b
 
Assignment 
Ar matrix Kr matrix 
3441 (70) [3601, 86] - - ν1 NH2 str.
f
 
3435 (71) [3598, 103] - - ν2 NH2 str.
e
 
3066 (631) [3305, 690] 3177.4, 3194.8 (100)
c
 3182.6, 3187.5 (100)
c
 ν3 NH2 str.
e,f
 
3027 (140) [3256, 153] 
3078.6, 3065.0, 
3091.3 (63)
c
 
3083.6 (39) ν4 NH2 str.
e,f
 
2292 (6.7) [2328, 140]
d
 - - ν5 CN str.
f
 
2270 (23) [2350, 17] - - ν6 CN str.
e
 
1590 (28) [1637, 26] - - ν7 NH2 bend.
e
 
1564 (40) [1610, 42] - - ν8 NH2 bend.
f
 
1183 (154) [1207, 17]
d
 
1181.1, 1193.7, 
1158.2, 1151.6, 
1149.4 (39)
c
 
1177.9, 1191.2, 
1155.4, 1148.4, 
1146.7 (28)
c
 
ν10 NH2 def.
f
 
1183 (21) [1225, 9.0] - - ν9 NH2 def.
e
 
1141 (80) [1190, 123] - - ν11 def.
f
 
1124 (1.4) [1121, 1.8] - - ν12 NC str.
e
 
583 (6.0) [594, 3.2] - - ν15 NS str.
f
 
559 (41) [641, 83] - - ν14 NH2 def.
f
 
553 (205) [664, 311] - - ν13 NH2 def.
e
 
538 (3.9) [545, 7.0] - - ν16 CNC bend.
e
 
459 (5.3) [457, 2.7] - - ν17 def.
e
 
424 (15) [432, 27] - - ν18 def.
f
 
408 (11) [411, 12] - - ν19 CNS bend.
f
 
a
 B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities in parentheses. 
The harmonic values at the same level are given in square brackets. 
b
 Bands obtained after 3 hours 280 nm irradiation. The relative intensity of the most intense 
band of H2NCNS : H2NCN was chosen to be 100. 
c
 Site split bands. 
d
 The change in the intensities could be a result of resonances not adequately described by 
either the harmonic or the VPT2 approach. 
e
 The assignment belongs to H2NCN. 
f
 The assignment belongs to H2NCNS. 
 
As seen from Table 5.5.2, in the case of the H2NNCS : H2NCN complex, the 
experimental values of the six observed bands showed a very good agreement with the 
computed wavenumbers and intensities, the differences were not higher than 60 cm
−1
 in any 
case. Not considering the lower part (<600 cm
−1
) of the investigated region, the unobserved 
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bands have medium or small computed intensities (~5−40 km mol−1), so their observation was 
not expected in the experiments. 
The remaining three bands which were observed during and after the irradiations are 
assigned to the H2NCNS : H2NCN complex. Although the computed intensity of the most 
intense band of the H2NCNS complex is the highest among the observed S-containing 
isomers, the observed intensities of the bands of this complex were significantly smaller than 
the bands of the H2NNCS complex. It means that the amount of the H2NCNS complex was 
much smaller than the amount of the H2NNCS complex. Based on it, the observation of the 
small or medium intense bands of the former complex was not expected. It explains why only 
the bands with larger than 100 km mol
−1
 computed intensities were observed above 600 cm
−1
 
for the H2NCNS complex.  
The assignation of the two S-containing complexes agrees well with the computed 
vertical excitation energies, also. In the case of the H2NNCS : H2NCN complex the relative 
absorbance vs. photolysis time curves showed a monotonous growth through the 3 h 
irradiation, except in the 221 nm photolysis experiments in Kr matrices. In this case the 
maximum intensity was observed around after 135 minutes photolysis. As it is shown in 
Table B6, the H2NNCS molecule has only one computed vertical excitation energy in the 
360−210 nm range, at 252 nm, with an oscillator strength of ~0.01. Based on this result, the 
decomposition of this isomer − especially in the 290−270 nm region − is not expected, which 
agrees well with the experimental observations. In contrast to this, the relative absorbance vs. 
photolysis time curves of the bands of the H2NCNS complex showed a maximum almost in 
each experiment. The only exception is the 290 nm photolysis, where the bands increased 
monotonically throughout the irradiation. The maximum intensities were observed after 
~60 minutes at 280 nm, and after ~30 minutes at 270 and 221 nm in Ar. In the case of the Kr 
matrices the maxima were observed at earlier irradiation times, namely after ~30 minutes at 
280 nm, and after ~15 minutes at 221 nm. Considering the computed vertical excitation 
energies of H2NCNS (see Table B6), the decrease of this isomer was expected both at around 
271 and 225 nm. It is also agrees well with the observations, the decomposition of the 
H2NCNS complex was the fastest at 270 and 221 nm in Ar. A possible explanation for the 
significant smaller tmax values in the case of Kr matrices compared to the measurements in Ar 
is that the formation of the more stable −NCS isomer from the −CNS isomer requires a larger 
cavity. This rearrangement of the atoms can be more effective in Kr, where the cavities are 
larger in the matrix. This type of differences between the measurements in Ar and Kr was also 
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observed previously (see Chapter 4 for the isomerization of NCXCN to NCXNC and NCNCX 
(X = S or Se)). 
In addition to the above mentioned and analyzed bands, another low intensity sharp 
band was observed in each experiment at 2480.8 (with site bands at 2475.7 and 2484.9) cm
−1
 
in Ar, and at 2478.1 (with a site band at 2473.8) cm
−1
 in Kr. The absorbance vs. photolysis 
time curve of this band is monotonically increasing independently of the irradiation 
wavelengths (see figures in the Appendix). Due to its different photochemical behavior from 
all of the other observed bands it cannot be assigned to any of the mentioned products. 
Comparing its wavenumber value with the computed results of the other [NH2, C, N, S] 
isomers (see Table B5), it cannot be assigned to any of these molecules, also. This band is 
likely belong to a small photoproduct, which should be photostable against λ<300 nm 
irradiation. 
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6. Generation of HNNCHO and HNNCHS
144
 
The UV photolysis of 1,2,5-oxadiazole-3,4-diamine and its sulfur analogue resulted in 
H2NNCX, H2NCNX, and H2NC(NX) (X = O, S) isomers (see the previous chapter). The 
photolysis of the constitutional isomers of the previously investigated precursors, namely 
1,2,4-oxadiazole-3,5-diamine and 1,2,4-thiadiazole-3,5-diamine was also studied. One of the 
purposes of this work was to support the previous assignments of the [NH2, C, N, X] 
(X = O, S) isomers. The other aim was to explore whether new isomers, including 
[NH, H, C, N, X] structures can be prepared under MI conditions by using structural isomers 
of the previously investigated precursors, and by tuning the wavelength used for photolysis.  
 
6.1. Precursors 
Only one of the precursors, 1,2,4-thiadiazole-3,5-diamine (see Scheme 6.1.1), was 
obtained as a commercial product (Sigma-Aldrich, 97%). It was used for the experiments 
without further purification. The O-analogue was prepared by following a literature method, 
hydroxylamine hydrochloride (HONH2·HCl) was reacted with sodium dicyanamide 
(NaN(CN)2) in a 1:1 ratio, in methanol solvent.
145
 The sodium chloride byproduct was 
filtered, and then the solvent from the filtrate was evaporated under reduced pressure. The 
crude product was recrystallized from water. 
 
   
Scheme 6.1.1. Structure of 1,2,4-oxadiazole-3,5-diamine and 1,2,4-thiadiazole-3,5-diamine. 
 
Both precursors were stored in closed flasks in the dark at room temperature. No 
decomposition or any other side reactions were observed at these conditions. 
 
6.2. MI-IR spectra of the precursors 
The evaporation temperature was 351 K for 1,2,4-oxadiazole-3,5-diamine and 350 K for 
1,2,4-thiadiazole-3,5-diamine in the case of the MI-IR studies. The measured MI-IR spectra 
of the precursors together with the computed ones are shown in Figures 6.2.1 and 6.2.2. 
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Figure 6.2.1. Baseline corrected MI-IR spectra of 1,2,4-oxadiazole-3,5-diamine isolated a) in 
an Ar matrix at 10 K and b) in a Kr matrix at 18 K. c) Computed IR spectrum of 
1,2,4-oxadiazole-3,5-diamine (B3LYP/aug-cc-pVTZ anharmonic wavenumbers and 
anharmonic IR intensities). 
 
 
Figure 6.2.2. Baseline corrected MI-IR spectra of 1,2,4-thiadiazole-3,5-diamine isolated a) in 
an Ar matrix at 10 K and b) in a Kr matrix at 18 K. c) Computed IR spectrum of 
1,2,4-thiadiazole-3,5-diamine (B3LYP/aug-cc-pVTZ anharmonic wavenumbers and 
anharmonic IR intensities). 
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A very good agreement was observed for both precursors between the computed and the 
experimental results, not only for the vibrational wavenumbers but for the intensities, also 
(see Tables C1 and C2). In the case of the 1,2,4-oxadiazole-3,5-diamine each band with larger 
than 10 km mol
−1
 computed intensity was observed, while for the thiadiazole precursor each 
computed fundamental band was observed in the investigated, 3800−600 cm−1 region. In 
addition, a few, very small bands (which intensities were smaller than the weakest band listed 
in Tables C1 and C2) were observed in the spectra recorded after deposition, which can be 
combination bands or overtones. The primary aim was to study the photolysis products of the 
precursors, so the complete assignment of these bands was not attempted. 
 
6.3. MI-UV spectra of the precursors 
For the MI-UV investigations the oxadiazole precursor was evaporated at 349 K, while 
this value was 343 K for the thiadiazole molecule. The measured MI-UV spectra are shown in 
Figures 6.3.1 and 6.3.2. 
 
Figure 6.3.1. a) MI-UV spectrum of 1,2,4-oxadiazole-3,5-diamine isolated in an Ar matrix at 
12 K. b) MI-UV spectrum recorded after 15 minutes of BBUV photolysis of 
1,2,4-oxadiazole-3,5-diamine. 
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Figure 6.3.2. a) MI-UV spectrum of 1,2,4-thiadiazole-3,5-diamine isolated in an Ar matrix at 
12 K. b) MI-UV spectrum recorded after 60 minutes of 254 nm photolysis of 
1,2,4-thiadiazole-3,5-diamine. c) MI-UV spectrum recorded after 60 minutes of 254 nm and 
15 minutes of BBUV photolysis of 1,2,4-thiadiazole-3,5-diamine. (The observed waving in 
the spectrum is caused by interference.) 
 
Similarly to the 1,2,5-oxadiazole-3,4-diamine, and its sulfur analogue (see Chapter 5), 
there is a ~40 nm difference between the maxima of the bands, namely the absorption 
maximum is at 212 nm for the 1,2,4-oxadiazole-3,5-diamine, while in the case of the 
1,2,4-thiadiazole-3,5-diamine at 253 nm. In the latter case a 254 nm irradiation resulted in the 
decrease of the UV band. (This experiment was not carried out in the case of the oxadiazole 
precursor, because the maximum position of its UV band is far from the 254 nm value.) For 
both precursors complete decomposition was observed within 15 minutes using the unfiltered 
radiation of the mercury-vapor lamp. 
 
6.4. Photolysis of 1,2,4-oxadiazole-3,5-diamine 
The photolysis of the oxygen-containing precursor was carried out at 213 nm, which is 
the shortest available wavelength of our laser system. Fortunately, this value is very close to 
the maximum position of the band in the MI-UV spectrum (see Figure 6.3.1). A 220 nm 
irradiation was also used in a different experiment, which is near the long-wavelength edge of 
the UV absorption band. Both irradiations resulted in many new bands, which are clearly 
visible in the difference IR spectra (see Figure 6.4.1). 
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Figure 6.4.1. Difference spectra as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 220 nm photolysis of 
1,2,4-oxadiazole-3,5-diamine in an Ar matrix a) after 25 minutes photolysis b) after 
35 minutes photolysis c) after 100 minutes photolysis. (At these selected times the products 
were present in the largest quantity.) The band of CO is marked with asterisk. 
 
 
Figure 6.4.2. Difference spectra as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after a) 100 minutes 220 nm 
photolysis of 1,2,4-oxadiazole-3,5-diamine b) 100 minutes 213 nm photolysis of 
1,2,4-oxadiazole-3,5-diamine c) 3 hours 239 nm photolysis of 1,2,5-oxadiazole-3,4-diamine 
d) 3 hours 213 nm photolysis of 1,2,5-oxadiazole-3,4-diamine in an Ar matrix. The band of 
CO is marked with asterisk.  
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The comparison of the positions of these new bands with the bands observed in the case 
of the experiments with the 1,2,5-oxadiazole-3,4-diamine molecule is shown in Figure 6.4.2. 
On the basis of the rate of the intensity change, the bands observed upon photolysis can 
be divided into three subgroups (see Figures 6.4.3, C1, and C2). 
 
Figure 6.4.3. Normalized absorbances of the bands obtained during the 220 nm irradiation of 
1,2,4-oxadiazole-3,5-diamine in Ar matrix a) at 3143.7, 2336.7, and 1323.4 cm
−1
 b) at 2267.6 
(integrated together with its site bands at 2270.1, 2274.2, 2257.0), 2223.0, 1035.4 (integrated 
together with its site band at 1031.2), and 829.5 (integrated together with its site band at 
828.0) cm
−1
 c) at 1744.9 (integrated together with its site bands at 1739.0, 1733.7), 1408.5, 
820.4, and 652.1 (integrated together with its site band at 677.9) cm
−1
. 
 
Comparing the wavenumber values of the observed bands with the ones observed in the 
case of the photolysis of 1,2,5-oxadiazole-3,4-diamine (see Chapter 5), the bands at 
3246.8/3254.8, 3143.7/3138.9, 2336.7/2332.3, and 1323.4/1320.0 cm
−1
, together with their 
site bands, belong to the H2NCNO : H2NCN complex (see Table 6.4.1). Although the position 
of the band observed at 3246.8/3254.8 cm
−1
 correlates well with the previously observed 
values for H2NCNO : H2NCN, and it was clearly seen that the relative intensity of this band 
changed together with the other bands of H2NCNO : H2NCN complex, because this band is 
broad and it has low intensity, the intensity change rate of it was not investigated. Similarly, 
the bands at 2267.6/2272.0, 2223.0/2218.6, 1035.4/1034.4, 829.5/828.4 cm
−1 
together with 
their site bands are assigned to the H2NNCO : H2NCN complex (see Table 6.4.2). 
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Table 6.4.1. Computed and experimental fundamental vibrational transitions (in cm
−1
), 
computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in parentheses) 
of the H2NCNO : H2NCN complex together with assignments in the 3800−600 cm
−1
 region. 
Computed
a
 
Experimental
b
 Experimental
c
 
Assignment 
Ar matrix Kr matrix Ar matrix Kr matrix 
3452 (76) 
[3609, 96] 
- - - - ν1 NH2 str.
f
 
3429 (47) 
[3600, 66] 
- - - - ν2 NH2 str.
g
 
3232 (345) 
[3386, 285] 
3248.1, 
3258.7 (100)
d
 
3249.3, 
3240.9 (100)
d
 
3246.8, 
3260.0
 
(50)
d
 
3254.8, 
3240.7 (100)
d
 
ν3 NH2 str.
g
 
3112 (244) 
[3333, 213] 
3143.5 (26) 3139.4 (24) 3143.7 (6.3) 3138.9 (13) ν4 NH2 str.
f
 
2371 (63) 
[2444, 81] 
- - - - ν5 CN str.
g
 
2301 (109) 
[2333, 135] 
2337.7 (21) 2332.7 (22) 2336.7 (9.4) 2332.3 (10) ν6 CN str.
f
 
1596 (52) 
[1645, 54] 
- - - -- ν7 NH2 bend.
f
 
1588 (11) 
[1631, 36] 
- - - - ν8 NH2 bend.
g
 
1348 (179) 
[1374, 267] 
1323.2 (65
e
) 1320.6 (46
e
) 
1323.4 
(100) 
1320.0 (96) 
ν9 CN and NO 
str.
g
 
1187 (18) 
[1236, 8.6] 
- - - - ν10 NH2 def.
f
 
1182 (24) 
[1221, 26] 
- - - - ν11 NH2 def.
g
 
1121 (2.8) 
[1116, 2.7] 
- - - - ν12 NC str.
f
 
890 (2.5) 
[906, 17] 
- - - - 
ν13 CN and NO 
str.
g
 
a
 From Chapter 5: B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities 
in parentheses. The harmonic values at the same level are given in square brackets. 
b
 From Chapter 5: Bands obtained after 239 nm irradiation. The relative intensity of the most 
intense band of H2NCNO : H2NCN was chosen to be 100. 
c
 This work. Bands obtained after 220 nm irradiation. The relative intensity of the most 
intense band of H2NCNO : H2NCN was chosen to be 100. 
d
 Site split bands. 
e
 Uncertain intensity value, the band overlaps with one of the precursor bands. 
f
 The assignment belongs to H2NCN. 
g
 The assignment belongs to H2NCNO. 
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Table 6.4.2. Computed and experimental fundamental vibrational transitions (in cm
−1
), 
computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in parentheses) 
of the H2NNCO : H2NCN complexes (1 and 2) together with assignments in the 
3800−600 cm−1 region. 
Computed
a
 Experimental
b
 Experimental
c
 
Assignment Complex 
− 1 
Complex 
− 2 
Ar matrix Kr matrix Ar matrix Kr matrix 
3464 (57) 
[3620, 
105] 
3461 (62) 
[3627, 89] 
- - 
3475.4, 
3466.5, 
3465.3 
(8.2)
d,
* 
3473.2, 
3465.6, 
3463.1 
(6.0)
d,
* 
ν1 NH2 str.
e
 
3372 (16) 
[3555, 26] 
3371 (47) 
[3530, 51] 
- - 3374.1, 
3377.1, 
3362.7 
(15)
d,
* 
3376.6, 
3369.3 
(8.5)
d,
* 
ν2 NH2 str.
f
 / 
NH2 str.
e
 
3342 (91) 
[3493, 
101] 
3352 (48) 
[3513, 63] 
- - 
ν3 NH2 str.
e
/ 
NH2 str.
f
 
3187 (41) 
[3394, 76] 
3306 (29) 
[3442, 37] 
- - - - ν4 NH2 str.
f
 
2316 
(220) 
[2350, 
535] 
2321 
(143) 
[2349, 
126] 
2274.1, 
2270.2, 
2267.6, 
2262.8, 
2253.3 
(100)
d
 
2271.7, 
2267.6, 
2259.4 
(100)
d
 
2267.6, 
2270.1, 
2274.2, 
2257.0 
(100)
d
 
2272.0, 
2259.4 
(100)
d
 
ν5 CN str.
e,f
 / 
CN str.
e
 
2290 
(944) 
[2332, 
269] 
2285 
(643) 
[2308, 
933] 
2222.9 
(15) 
2218.6 
(15) 
2223.0 
(13) 
2218.6 
(22) 
ν6 CN str.
e,f
 / 
CN str.
f
 
1634 (7.8) 
[1677, 
8.5] 
1624 (6.1) 
[1690, 10] 
- - - - ν7 NH2 bend.
f
 
1572 (59) 
[1624, 67] 
1572 (34) 
[1620, 33] 
- - 
1571.3, 
1569.7 
(10)
d,
* 
1566.3, 
1560.3 
(3.0)
d,
* 
ν8 NH2 bend.
e
 
1434 (5.5) 
[1466, 
7.0] 
1419 (4.4) 
[1448, 13] 
- - - - 
ν9 CO and CN 
str.
f
 
1313 (16) 
[1352, 30] 
1314 (7.9) 
[1349, 
8.2] 
- - - - ν10 NH2 def.
f
 
1171 (4.0) 
[1214, 
5.4] 
1166 (5.5) 
[1203, 
5.2] 
- - - - ν11 NH2 def.
e
 
1106 (9.0) 
[1111, 
3.3] 
1090 (75) 
[1102, 27] 
- - - - ν12 NC str.
e
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Table 6.4.2. cont. 
Computed
a
 Experimental
b
 Experimental
c
 
Assignment Complex 
− 1 
Complex 
− 2 
Ar matrix Kr matrix Ar matrix Kr matrix 
1007 (71) 
[1065, 
104] 
1056 (50) 
[1103, 89] 
1035.3, 
1032.7 
(1.6), and 
1021.8 
(2.7)
d
 
1034.5, 
1029.5 
(1.7), and 
1020.9, 
1016.3 
(1.9)
d
 
1035.4, 
1031.2 
(2.5)
d
 
1034.4 
(4.5) 
ν13 NH2 def.
f
 
808 (27) 
[841, 33] 
837 (13) 
[847, 12] 
829.6 
(<1.0) 
828.4 
(<1.0) 
829.5, 
828.0 
(1.5)
d
 
828.4 
(1.4) 
ν14 NN str.
f
 
663 (69) 
[661, 41] 
649 (50) 
[671, 40] 
- - - - ν15 NCO bend.
f
 
a
 From Chapter 5: B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities 
in parentheses. The harmonic values at the same level are given in square brackets. 
b
 From Chapter 5: Bands obtained after 239 nm irradiation. The relative intensity of the most 
intense band of H2NNCO : H2NCN was chosen to be 100. 
c
 This work. Bands obtained after 220 nm irradiation (the bands marked with asterisk 
observed well separable only after a subsequent photolysis carried out at 250 nm). The 
relative intensity of the most intense band of H2NNCO : H2NCN was chosen to be 100. 
d
 Site split bands. 
e
 The assignment belongs to H2NCN. 
f
 The assignment belongs to H2NNCO. 
 
As seen from Tables 6.4.1 and 6.4.2, there is only a 1−3 cm−1 difference for the bands 
of the complexes observed in the case of the different precursors. These small differences can 
be explained by the fact that from constitutional isomer precursors the photoproduct 
complexes can have slightly different structures in the matrix cages. These observations 
support the former identification of the H2NCNO : H2NCN and H2NNCO : H2NCN 
complexes, and the assignments of their MI-IR spectra. 
After the initial 220 nm photolysis, a subsequent 250 nm irradiation was also carried 
out, which resulted in the decrease of the bands of the H2NNCO : H2NCN complex. In 
addition to the previously assigned bands of this complex, some formerly non-observed 
low-intensity bands could also be identified both in the case of Ar and Kr matrices (see 
Figure C3 and the bands marked with asterisks in Table 6.4.2). The observation of these small 
bands can be explained by two facts: a) the amount of the H2NNCO : H2NCN complex was 
much larger than in the case of the previous investigations with the constitutional isomer 
precursor; b) 1,2,5-oxadiazole-3,4-diamine has intense bands at almost the same values, 
where the new, small bands observed after the 250 nm irradiation, and these bands prevented 
the observation of these low-intensity bands. 
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In the experiments with 1,2,5-oxadiazole-3,4-diamine, a third [NH2, C, N, O] isomer, 
the H2NC(NO) was also observed in the case of the 239 nm irradiation. The formation of this 
molecule was not observed using a 213 or 220 nm irradiation either in the present or in the 
former experiments. This cyclic isomer have absorption bands in the 200−220 nm region (see 
Table B6), therefore the irradiation close to these values likely results in isomerization to a 
more stable form or to fragmentation. 
In addition to the mentioned and assigned bands, some additional bands were also 
observed in the case of the photolysis of 1,2,4-oxadiazole-3,5-diamine at 2137.6, 1744.9, 
1408.5, 820.4, and 652.1 cm
−1
 in Ar; and at 2131.8, 1740.0, 1409.5, 831.9, and 653.7 cm
−1
 in 
Kr together with some site split bands. Among these, the band at 2137.6/2131.8 cm
−1
 belongs 
to the CO molecule,
143
 which is a stable photoproduct, and can be generated from one of the 
primary photoproducts. The other newly observed bands show the same intensity change as a 
function of photolysis time at both wavelengths (see Figures 6.4.3, C1, and C2). Therefore 
these bands probably belong to the same species. The most intense band among them is at 
1744.9 cm
−1
 in Ar (1740.0 cm
−1
 in Kr). Comparing this value with the computed wavenumber 
values of the [NH2, C, N, O] monomers and [NH2, C, N, O] : H2NCN complexes (see 
Tables B4 and B7), only the H2NC(NO) and the H2NC(NO) : H2NCN complexes have 
computed bands around 1800 cm
−1
. However, based on the computed excitation energies and 
on the previous experimental observations, the formation of this ring-structure isomer is not 
expected by the irradiation at ~220 nm. In addition, the corresponding band of H2NC(NO) 
was observed at 1790 cm
−1
 in Ar, an almost 50 cm
−1
 difference is a large error for the 
assignation. Furthermore, the other newly observed, unidentified bands, which probably 
belong to the same species as the band at 1744.9/1740.0 cm
−1
 do not match with the computed 
bands of H2NC(NO). On the basis of the mentioned observations, these bands cannot be 
assigned to [NH2, C, N, O] isomers.  
Another possibility could be that these bands belong to a tautomer of the precursor, 
which also can be excluded according to the vibrational harmonic frequency computations 
(see the Supporting Information of Ref. 144). 
After the exclusion of the [NH2, C, N, O] structures, and the isomers of the precursor, 
the [NH, H, C, N, O] structures − the tautomers of the [NH2, C, N, O] molecules − were 
investigated as a possible carrier of the unassigned bands. Four out of the six investigated 
isomers have two computed bands with larger than 100 km mol
−1
 intensity values in the 
experimentally investigated region, namely at 1268 and 1080 cm
−1
 for iminomethanimine 
oxide (HNCNHO); at 2083 and 990 cm
−1
 for isocyanic acid oxime (HNCNOH); at 1297 and 
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935 cm
−1
 for 1-(hydroxymethanidylene)diazen-1-ium (HNNCOH); and at 1882 and 
1172 cm
−1
 for trans-1,2-oxaziridin-3-imine (HNC(O)NH). These results together with the 
structures and computed wavenumber and intensity values of the isomers are shown in 
Table C3. These large computed intensity values ensure that these molecules can be observed 
by IR spectroscopy, if at least a few percent of the precursor is converted to these isomers. 
However, at these wavenumber values bands were not observed in the IR spectra during and 
after the irradiations, which means that the unassigned bands not belong to any of these 
structures. 
Two further low-energy form [NH, H, C, N, O] structures were investigated. In the case 
of nitrosomethanimine (HNCHNO) four structures could be located on the PES at the 
B3LYP/aug-cc-pVTZ level of theory (see Figure 6.4.4). They mostly differ in their HNCH 
(denoted in their names by first c or t letter, as they stand for cis and trans) and NCNO 
(denoted in their names by second c or t letter, abbreviating s-cis and s-trans) torsion angles. 
Among these isomers, the ct structure was found as a saddle point and not a minimum on the 
PES at the CCSD(T)/cc-pVTZ level of theory. The computed ZPVE corrected isomerization 
barriers
g
 at the B3LYP/aug-cc-pVTZ level of theory are: 200.8 (cc → tc), 87.3 (ct → tt), 
3.6 (cc → ct), and 13.9 (tc → tt) kJ mol−1. 
 
Figure 6.4.4. Structure of HNCHNO and HNNCHO isomers with ZPVE corrected relative 
energies (in kJ mol
−1
) as computed at the B3LYP/aug-cc-pVTZ (normal characters) and 
CCSD(T)/cc-pVTZ (bold characters) levels of theory. (The ct HNCHNO structure is not a 
minimum in the CCSD(T)/cc-pVTZ calculations.) The relative energy of the most stable 
[NH2, C, N, O] isomer, the H2NNCO (see Chapter 5), was chosen to be 0 kJ mol
−1
. 
 
                                                          
g
 The isomerization barrier calculations were carried out by my supervisor. 
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In the case of diazenecarbaldehyde (HNNCHO) four minimum energy structures were 
found at both levels (see Figure 6.4.4), which mainly differ in the HNNC torsion angle 
(denoted in their names by the first c or t letter, as standing for cis and trans) and in the 
NNCO torsion angle (denoted in their names by the second c or t letter, abbreviating s-cis and 
s-trans). The ZPVE corrected isomerization barriers
g
 for HNNCHO computed at the 
B3LYP/aug-cc-pVTZ level of theory are: 169.7 (ct → tt), 63.2 (cc → tc), and 
9.6 (ct → cc) kJ mol−1. The tc → tt barrier is only 0.6 kJ mol−1 without ZPVE correction, 
while with ZPVE correction the energy of the transition structure is 0.4 kJ mol
−1
 below the tc 
structure. It follows that the observation of tc-HNNCHO is very challenging and it can only 
be observed if the complex formation with the other reaction product or the matrix cage 
stabilizes this isomer. 
Considering the computed wavenumber and intensity values of the [NH, H, C, N, O] 
isomers (see Table 6.4.3 for HNCHNO and HNNCHO structures, and Table C3 for the other 
structures) only the HNNCHO isomers have computed bands in the 1700−1815 cm−1 region. 
 
Table 6.4.3. Computed
a
 vibrational wavenumbers (in cm
−1
) and IR intensities (in km mol
−1
) 
of HNCHNO and HNNCHO isomers. 
tt 
HNCHNO 
tc 
HNCHNO 
cc 
HNCHNO 
tc 
HNNCHO 
cc 
HNNCHO 
ct 
HNNCHO 
tt 
HNNCHO 
3248 (2.0)  3194 (6.4) 3314 (3.0) 3128 (5.6) 2924 (57) 2742 (58) 3153 (0.9) 
2977 (10) 3069 (11) 2941 (23) 2865 (56) 2815 (5.5) 2589 (94) 2829 (47) 
1648 (22)  1642 (9.5) 1638 (24) 1785 (170) 1774 (82) 1811 (154) 1794 (137) 
1543 (35)  1541 (33) 1544 (26) 1564 (16) 1552 (21) 1546 (28) 1533 (11) 
1332 (38)  1343 (23) 1344 (30) 1454 (45) 1462 (53) 1456 (69) 1433 (60) 
1190 (19)  1161 (80) 1154 (57) 1357 (2.8) 1325 (15) 1325 (10) 1325 (1.8) 
1065 (68)  1053 (74) 1052 (6.7) 1029 (56) 1101 (25) 1046 (14) 1068 (16) 
960 (62)  763 (24) 875 (33) 1017 (33) 775 (47) 941 (59) 981 (52) 
804 (24)  757 (25) 758 (11) 828 (39) 774 (15) 847 (49) 809 (29) 
558 (1.8)  708 (23) 602 (22) 512 (7.3) 739 (64) 599 (0.5) 604 (5.0) 
354 (21)  324 (13) 347 (8.4) 336 (7.2) 394 (22) 428 (22) 413 (9.7) 
132 (3.6)  152 (0.6) 136 (21) 34
b
 (4.6) 105
b
 (52) 121 (6.3) 99 (5.7) 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/aug-cc-pVTZ anharmonic 
contributions. IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory are given in parentheses. 
b
 Vibrational perturbation theory predicted too large anharmonic corrections, therefore the 
harmonic values are presented. 
 
Although for three observed bands (at 1744.9/1740.0, 1408.5/1409.5, 820.4/831.9 cm
−1
 
in Ar/Kr) there is a quite good agreement between the experimental and the computed values, 
the computations does not predict bands near the experimentally observed 652.1/653.7 cm
−1
 
value in the case of the tc and cc structures, while for the other two HNNCHO isomers the 
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computed intensity of the band at ~600 cm
−1
 is very low. Moreover, each of the HNNCHO 
structures has at least one medium intense band which was not identified in any of the spectra. 
These differences can be explained by complex formation − as it was observed in many cases 
for the [NH2, C, N, X] : H2NCN structures (X = O, S) − between the appropriate 
[NH, H, C, N, O] isomer and the other photoproduct, the H2NCN molecule. To justify this, 
seven HNNCHO : H2NCN complexes were studied computationally, their structures are 
shown in Figure 6.4.5. The complexes are denoted by C(O)-xy, where x stands for the HNNC 
torsion angle, and can be c or t, while y is the number of the structure. Along the NNCO 
torsion the PES is shallow, and the HNNCHO isomers can largely distort by the complex 
formation. Due to this fact, the NNCO torsion is not referred in the name of the complexes. 
Out of the seven complexes only one consist a tc-like monomer, which can be explained by 
the very small computed barrier between the tc and tt structures. 
 
Figure 6.4.5. Structures of HNNCHO : H2NCN complexes as computed at the MP2/cc-pVTZ 
level of theory together with ZPVE corrected relative energies (in kJ mol
−1
) as computed at 
the B3LYP/cc-pVTZ (normal characters) and MP2/cc-pVTZ (bold characters) levels of 
theory. The relative energy of the most stable complex (C(O)-t2) was chosen to be 0 kJ mol
−1
. 
 
The best agreement between the computed and the experimental values is observed for 
the C(O)-t1 structure, while the most stable complex is C(O)-t2. The computed wavenumber 
and intensity values of these two complexes are shown in Table 6.4.4, while for the other 
complexes including further [NH, H, C, N, O] : H2NCN structures in Table C4.  
As seen from Table 6.4.4, altogether four fundamental vibrational transitions were 
observed for the HNNCHO complex. However, the computations predict some further intense 
(>50 km mol
−1
) bands. In the CN stretching region some bands were observed, which may 
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belong to the complexed H2NCN, but these bands are assigned to the corresponding bands of 
the H2NNCO : H2NCN complex that is formed in a much larger amount (see Table 6.4.2). 
The lack of the observation of the NH stretching modes above 3000 cm
−1
 can be explained by 
the fact that the computed values of these modes are very sensitive to the structure of the 
complex; therefore, these bands are likely broad features in the spectra. However, the good 
agreement between the experimental and the computed values for the observed bands, and 
their same behavior during photolysis support that they belong to the HNNCHO : H2NCN 
complex. 
 
Table 6.4.4. Equilibrium structures, computed and experimental wavenumbers of 
fundamental vibrational transitions (in cm
−1
), computed IR intensities (in km mol
−1
), and 
experimental relative IR absorbances (in parentheses) of the HNNCHO : H2NCN complexes 
together with assignments in the 3800−600 cm−1 region. 
Computed
a
 Experimental
b
 
Assignment 
 
C(O)-t1 
 
C(O)-t2 
Ar matrix Kr matrix 
3482 (93) 3512 (98) - - ν1 NH2 str.
f
 
3355 (108) 3401 (55) - - ν2 NH2 str.
f
 
3183 (0.7) 3164 (72) - - ν3 NH str.
g
 
2943 (17) 2864 (47) - - ν4 CH str.
g
 
2214 (62) 2217 (72) -
c 
-
c ν5 CN str.
f
 
1746 (110) 1779 (112) 
1744.9, 1739.0, 
1733.7
 
(100)
d
 
1740.0, 1736.6, 
1733.7 (100)
d
 
ν6 CO str.
g
 
1596 (28) 1580 (45) - - ν7 NN str.
g
 
1500 (20) 1501 (36) - - ν8 NH2 bend.
f
 
1427 (33) 1451 (46) 
1408.5 (sh. 
1406.4) (13) 
1409.5 (29) ν9 NNH bend.
g
 
1359 (1.0) 1321 (1.6) - - ν10 OCH bend.
g
 
1194 (4.2) 1181 (3.5) - - ν11 NH2 bend.
f
 
1073 (5.7) 1080 (5.0) - - ν12 NC str.
f
 
1027 (18) 1101 (16) - - ν13 def.
g
 
974 (73) 852 (22) - - ν14 / ν15 def.
g
 
847 (28) 1013 (84) 820.4 (3.0) 831.9 (4.9) ν15 / ν14 def.
g
 
610 (218) 664 (196) 
652.1 (sh. 652.8), 
677.9
 
(7.6)
e
 
653.7, 652.2 
(21)
e
 
ν16 NH2 bend.
f 
/ def.
g
 
a
 MP2/cc-pVTZ harmonic vibrational transitions corrected by B3LYP/cc-pVTZ anharmonic 
contributions (in cm
−1
) and harmonic MP2/cc-pVTZ IR intensities (in km mol
−1
). 
b
 Bands obtained after 220 nm irradiation. The relative intensity of the most intense band of 
HNNCHO : H2NCN was chosen to be 100. 
c
 The bands of the complexed H2NCN are assigned to corresponding bands of the 
H2NNCO : H2NCN complex that is formed in a much larger amount. 
d
 Site split bands.
 f
 The assignment belongs to H2NCN. 
e
 Site split bands or Fermi resonance.
 g
 The assignment belongs to HNNCHO. 
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As it is shown in Figure 6.4.2, the bands of the identified HNNCHO : H2NCN complex 
were observed only in the case of the photolysis of 1,2,4-oxadiazole-3,5-diamine both at 213 
and 220 nm, but it was not generated from the 1,2,5-oxadiazole-3,4-diamine precursor either 
at 213 or 239 nm. As it can be seen in Figure 6.4.3, the amount of the HNNCHO complex had 
a maximum at ~30 minutes irradiation time, while the bands belong to the H2NNCO : H2NCN 
complex increased monotonously almost till the end of the photolysis, and only slightly 
decreased at ~100 minutes photolysis time. These observations prove that HNNCHO is 
generated from the precursor in an independent reaction path, not by photoisomerization from 
H2NNCO. 
 
6.5. Photolysis of 1,2,4-thiadiazole-3,5-diamine 
The photolysis of the precursor was carried out near the maximum position of its UV 
band (see Figure 6.3.2), at 240, 250, 260 nm in Ar, and at 250 nm in Kr matrix. These 
irradiations resulted in several new bands in the spectra (see Figure 6.5.1), which can be 
divided into four subgroups based on their relative absorbance vs. photolysis time curves (see 
Figures 6.5.2, C4, C5, and C6). 
 
Figure 6.5.1. Difference spectra as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 250 nm photolysis of 
1,2,4-thiadiazole-3,5-diamine in an Ar matrix a) after 20 minutes photolysis b) after 
100 minutes photolysis c) after 30 minutes photolysis d) after 10 minutes photolysis. (At these 
selected times the products were present in the largest quantity.) 
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Figure 6.5.2. Normalized absorbances of the bands obtained during the 250 nm irradiation of 
1,2,4-thiadiazole-3,5-diamine in Ar matrix a) at 3177.7, 3077.8 (integrated together with its 
site band at 3065.5), and 1179.6 (integrated together with its site bands at 1191.5, 1158.2, 
1151.3, 1149.4) cm
−1
 b) at 3310.4 (integrated together with its site band at 3319.7), 3276.9 
(integrated together with its site bands at 3269.4, 3286.8), 2267.4 (integrated together with its 
site band at 2261.4), 2118.9 (integrated together with its site bands at 2127.6, 2131.3), 1570.2 
(integrated together with its site band at 1585.4), and 943.8 (integrated together with its site 
bands at 933.2, 904.9, 891.7) cm
−1
 c) at 3530.7 (integrated together with its site band at 
3522.1) and 1793.8 (integrated together with its site band at 1791.7) cm
−1
 d) at 1617.4, 
1442.2, 1250.6, and 1012.9 (integrated together with its site band at 1006.1) cm
−1
. 
 
In the case of three subgroups a very good agreement was observed with the previously 
identified values for the H2NCNS : H2NCN and H2NNCS : H2NCN complexes, and the 
H2NC(NS) molecule. As it is shown in Tables 6.5.1 and 6.5.2, in the case of the complexes all 
of the previously observed bands were detected in these experiments. The differences between 
the wavenumber values observed for these complexes in the experiments with 
1,2,5-thiadiazole-3,4-diamine and 1,2,4-thiadiazole-3,5-diamine precursors are 1−3 cm−1. As 
it is mentioned in the previous section for the O-analogues, these small differences can be 
explained by the slightly different complex structures that can form in the matrix cage from 
the two different (constitutional isomer) precursors. 
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Table 6.5.1. Computed and experimental fundamental vibrational transitions (in cm
−1
), 
computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in parentheses) 
of the H2NCNS : H2NCN complex together with assignments in the 3800−600 cm
−1
 region. 
Computed
a
 
Experimental
b
 Experimental
c
 
Assignment 
Ar matrix Kr matrix Ar matrix Kr matrix 
3441 (70) 
[3601, 86] 
- - - - ν1 NH2 str.
f
 
3435 (71) 
[3598, 103] 
- - - - ν2 NH2 str.
e
 
3066 (631) 
[3305, 690] 
3177.4, 
3194.8 
(100)
d
 
3182.6, 
3187.5 
(100)
d
 
3177.7 (100) 
3181.7, 
3186.6 
(100)
d
 
ν3 NH2 str.
e,f
 
3027 (140) 
[3256, 153] 
3078.6, 
3065.0, 
3091.3
 
(63)
d
 
3083.6 (39) 
3077.8, 
3065.5
 
(89)
d
 
3083.2 (54) ν4 NH2 str.
e,f
 
2292 (6.7) 
[2328, 140] 
- - - - ν5 CN str.
f
 
2270 (23) 
[2350, 17] 
- - - - ν6 CN str.
e
 
1590 (28) 
[1637, 26] 
- - - - 
ν7 NH2 
bend.
e
 
1564 (40) 
[1610, 42] 
- - - - 
ν8 NH2 
bend.
f
 
1183 (154) 
[1207, 17] 
1181.1, 
1193.7, 
1158.2, 
1151.6, 
1149.4 (39)
d
 
1177.9, 
1191.2, 
1155.4, 
1148.4, 
1146.7 (28)
d
 
1179.6, 
1191.5, 
1158.2, 
1151.3, 
1149.4 (17)
d
 
1177.6, 
1190.9, 
1156.2, 
1151.4, 
1148.1 (20)
d
 
ν10 NH2 def.
f
 
1183 (21) 
[1225, 9.0] 
- - - - ν9 NH2 def.
e
 
1141 (80) 
[1190, 123] 
- - - - ν11 def.
f
 
1124 (1.4) 
[1121, 1.8] 
- - - - ν12 NC str.
e
 
a
 From Chapter 5: B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities 
in parentheses. The harmonic values at the same level are given in square brackets. 
b
 From Chapter 5: Bands obtained after 280 nm irradiation. The relative intensity of the most 
intense band of H2NCNS : H2NCN was chosen to be 100. 
c
 This work, obtained after 240 nm irradiation (in Ar) or 250 nm irradiation (in Kr). The 
relative intensity of the most intense band of H2NCNS : H2NCN was chosen to be 100. 
d
 Site split bands. 
e
 The assignment belongs to H2NCN. 
f
 The assignment belongs to H2NCNS. 
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Table 6.5.2. Computed and experimental fundamental vibrational transitions (in cm
−1
), 
computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in parentheses) 
of the H2NNCS : H2NCN complex together with assignments in the 3800−600 cm
−1
 region. 
Computed
a
 
Experimental
b
 Experimental
c
 
Assignment 
Ar matrix Kr matrix Ar matrix Kr matrix 
3465 (36) 
[3633, 76] 
- - - - ν1 NH2 str.
e
 
3394 (35) 
[3542, 44] 
- - - - ν2 NH2 str.
e
 
3345 (79) 
[3518, 92] 
3310.7, 
3319.4 (6.9)
d
 
3308.8, 
3304.9
 
(13)
d
 
3310.4, 
3319.7
 
(23)
d
 
3308.8, 
3304.8 (27)
d
 
ν3 NH2 str.
f
 
3280 (94) 
[3425, 112] 
3276.8, 
3269.4, 
3284.8 (8.6)
d
 
3276.0, 
3264.9 (15)
d
 
3276.9, 
3269.4, 
3286.8 (4.5)
d
 
3275.9, 
3264.8 (11)
d
 
ν4 NH2 str.
f
 
2321 (140) 
[2350, 125] 
2267.2, 
2261.2 (52)
d
 
2264.2, 
2259.6 (67)
d
 
2267.4, 
2261.4 (70)
d
 
2264.3, 
2258.6 (49)
d
 
ν5 CN str.
e
 
2068 (435) 
[2103, 572] 
2121.7, 2131 
(100)
d
 
2114.7, 
2118.7 
(100)
d
 
2118.9, 
2127.6, 
2131.3 
(100)
d
 
2118.9, 
2114.8 
(100)
d
 
ν6 CN str.
f
 
1608 (5.3) 
[1676, 24] 
- - - - 
ν7 NH2 
bend.
f
 
1596 (34) 
[1630, 37] 
1570.7, 
1584.4 (16)
d
 
1566.1, 
1579.5 (38)
d
 
1570.2, 
1585.4 (23)
d
 
1565.9, 
1577.5 (20)
d
 
ν8 NH2 
bend.
e
 
1321 (13) 
[1376, 23] 
- - - - ν9 NH2 def.
f
 
1170 (4.7) 
[1197, 0.64] 
- - - - ν10 NH2 def.
e
 
1126 (38) 
[1175, 82] 
- - - - ν11 NH2 def.
f
 
1099 (9.9) 
[1106, 5.9] 
- - - - ν12 NC str.
e
 
881 (126) [930, 
169] 
933.3, 943.3, 
905.6, 888.0 
(29)
d
 
940.1, 931.1, 
905.8, 887.1 
(24)
d
 
943.8, 933.2, 
904.9, 891.7 
(12)
d
 
940.1, 930.8, 
905.6 (14)
d
 
ν13 NH2 def.
f
 
688 (19) [711, 
24] 
- - - - ν14 NN str.
f
 
a
 From Chapter 5: B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities 
in parentheses. The harmonic values at the same level are given in square brackets. 
b
 From Chapter 5: Bands obtained after 280 nm irradiation. The relative intensity of the most 
intense band of H2NNCS : H2NCN was chosen to be 100. 
c
 This work, obtained after 240 nm irradiation (in Ar) or 250 nm irradiation (in Kr). The 
relative intensity of the most intense band of H2NNCS : H2NCN was chosen to be 100. 
d
 Site split bands. 
e
 The assignment belongs to H2NCN. 
f
 The assignment belongs to H2NNCS. 
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Although in the case of the H2NC(NS) molecule the largest difference between the 
previously observed and the present wavenumber values is not larger than 0.5 cm
−1
 (see 
Table 6.5.3), only two bands were observed with smaller intensities than in the case of the 
photolysis of 1,2,5-thiadiazole-3,4-diamine. The smaller amount can be explained by the 
shorter wavelengths used for the photolysis compared to the irradiation of 
1,2,5-thiadiazole-3,4-diamine. In the latter case H2NC(NS) was observed when the matrix 
was irradiated in the 290−270 nm region, while at 221 nm the formation of this ring-structure 
isomer was not observed. This is in line with the computed vertical excitation energies, which 
predict absorption bands at ~250 and ~230 nm (see Table B6) for H2NC(NS). 
 
Table 6.5.3. Computed and experimental fundamental vibrational transitions (in cm
−1
), 
computed IR intensities (in km mol
−1
), and measured relative IR absorbances (in parentheses) 
of H2NC(NS) together with assignments in the 3800−600 cm
−1
 region. 
Computed
a
 
Experimental
b
 Experimental
c
 
Assignment 
Ar matrix Kr matrix Ar matrix Kr matrix 
3559 (51) 
3531.0, 3521.6 
(64)
d
 
3519.4, 3513.9 
(72)
d
 
3530.7, 3522.1 
(96)
d
 
3519.1 
(100) 
ν1 NH2 str. 
3445 (50) - - - - ν2 NH2 str. 
1792 (159) 
1793.8, 1792.1 
(100)
d
 
1791.0 (100) 
1793.8, 1791.7 
(100)
d
 
1790.8 (80) ν3 CN str. 
1587 (34) - - - - ν4 NH2 bend. 
1218 (70) 1230.4 (11) 1228.4 (24) - - ν5 NH2 def. 
1048 (14) - - - - ν6 NC str. 
677 (19) - - - - ν7 CS str. 
a
 From Chapter 5: CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ 
anharmonic contributions. Harmonic IR intensities computed at the CCSD(T)/cc-pVTZ level 
of theory are given in parentheses. 
b
 From Chapter 5: Bands obtained after 280 nm irradiation. The relative intensity of the most 
intense band of H2NC(NS) was chosen to be 100. 
c
 This work, obtained after 240 nm irradiation (in Ar) or 250 nm irradiation (in Kr). The 
relative intensity of the most intense band of H2NC(NS) was chosen to be 100. 
d
 Site split bands. 
 
The good agreement with the computed results and the observed small differences 
between the former and the present experiments also support that the bands listed in the 
Tables 6.5.1, 6.5.2, and 6.5.3 belong to the H2NCNS : H2NCN and H2NNCS : H2NCN 
complexes, and the H2NC(NS) molecule. 
Many new, previously not identified bands appeared during the irradiations of 
1,2,4-thiadiazole-3,5-diamine, which were not observed in the experiments with the 
constitutional isomer precursor. These bands were present in the MI-IR spectra at 3522.3 
(with a site band at 3516.9), 3413.9 (with a site band at 3418.4), 1617.4, 1442.2, 1250.6, 
85 
 
1012.9 (with a site band at 1006.1), and 891.7 cm
−1
 in Ar; and at 3519.3 (with a site band at 
3512.1), 3405.3 (with a site band at 3409.7), 1614.7, 1439.7, 1246.2, 1016.2 (with a site band 
at 1010.7), and 888.8 cm
−1
 in Kr. The bands at 3522.3/3519.3 cm
−1
 overlap with the bands of 
the H2NC(NS) isomer generated during the irradiation, the edge of the bands at 
3413.9/3405.3 cm
−1
 overlap with one of the bands of the precursor, while the band at 
891.7/888.8 cm
−1
 has very small absorbance. Although these bands cannot be integrated 
accurately, and their absorbance vs. time curves are not plotted in Figures 6.5.2 and C4−C6, it 
was clear by visual inspection that these bands have the same behavior as the other four bands 
which curves are plotted in the figures. Based on the same kinetic behavior, these bands may 
belong to the same species. 
First, these bands were compared with the computed values of the [NH2, C, N, S] and 
[NH2, C, N, S] : H2NCN isomers (see Tables B5 and B7), but no good match was observed 
either with the monomers or with the complex structures. The tautomers of the precursor − as 
a possible carrier of the unidentified bands − were also excluded (see the Supporting 
Information of Ref. 144), so the observed bands may belong to one of the [NH, H, C, N, S] 
isomers. The structures, IR spectra, and relative energies of iminomethanimine sulfide 
(HNCNHS), N-(iminomethylene)thiohydroxylamine (HNCNSH), 1-thioformyldiazen-1-ium 
(HNNHCS), 1-(mercaptomethanidylene)diazen-1-ium (HNNCSH), and 
trans-1,2-thiaziridin-3-imine (HNC(S)NH) are shown in Table C5. The structure and IR 
spectra of two further low-energy [NH, H, C, N, S] isomers, namely thionitrosomethanimine 
(HNCHNS) and diazenecarbothialdehyde (HNNCHS) − which O-analogues were also 
investigated previously − are shown in Figure 6.5.3 and Table 6.5.4. The computed 
isomerization barriers
g
 between the stereoisomers are the following (in kJ mol
−1
 at the ZPVE 
corrected B3LYP/aug-cc-pVTZ level of theory): 92.3 (cc → tc), 91.9 (ct → tt), 2.1 (tc → tt), 
and 6.4 (cc → ct) for HNCHNS; while 37.1 (cc → tc), 171.6 (ct → tt), 2.4 (tt → tc), and 
3.1 (ct → cc) for HNNCHS. 
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Figure 6.5.3. Structure of HNCHNS and HNNCHS isomers with ZPVE corrected relative 
energies (in kJ mol
−1
) as computed at the B3LYP/aug-cc-pVTZ (normal characters) and 
CCSD(T)/cc-pVTZ (bold characters) levels of theory. The relative energy of the most stable 
[NH2, C, N, S] isomer, the H2NSCN (see Chapter 5), was chosen to be 0 kJ mol
−1
. 
 
Table 6.5.4. Computed
a
 vibrational wavenumbers (in cm
−1
) and IR intensities (in km mol
−1
) 
of HNCHNS and HNNCHS isomers. 
tt HNCHNS tc HNCHNS ct HNCHNS cc HNCHNS 
3267 (4.8) 3243 (1.3) 3306 (5.1) 3317 (3.6) 
2943 (11) 3024 (8.3) 2887 (22) 2910 (21) 
1587 (11) 1576 (31) 1583 (18) 1582 (56) 
1352 (43) 1354 (26) 1355 (13) 1356 (32) 
1213 (74) 1193 (73) 1216 (44) 1200 (34) 
1073 (58) 1079 (29) 1052 (2.8) 1069 (37) 
1043 (5.4) 1034 (53) 1052 (5.1) 1025 (6.7) 
956 (30) 843 (16) 916 (50) 860 (29) 
852 (31) 798 (13) 805 (31) 790 (44) 
488 (6.6) 574 (40) 525 (5.7) 580 (12) 
309 (2.7) 293 (3.0) 334 (8.3) 297 (26) 
106 (0.3) 107 (3.2) 102 (3.5) 145 (25) 
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Table 6.5.4. cont. 
tc HNNCHS cc HNNCHS ct HNNCHS tt HNNCHS 
3136 (2.7) 3007 (3.8) 2864 (35) 3158 (0.5) 
2982 (6.8) 2960 (22) 2801 (51) 2958 (5.7) 
1545 (6.2) 1531 (17) 1502 (23) 1484 (4.3) 
1436 (72) 1447 (53) 1447 (112) 1439 (19) 
1310 (51) 1301 (14) 1314 (42) 1314 (60) 
1085 (48) 1074 (22) 1116 (15) 1098 (14) 
961 (29) 941 (90) 964 (64) 969 (5.8) 
882 (6.4) 867 (17) 946 (3.6) 946 (16) 
809 (21) 803 (6.5) 771 (7.7) 770 (53) 
479 (22) 579 (14) 523 (1.5) 512 (6.5) 
334 (0.72) 321 (20) 331 (5.1) 335 (3.4) 
121 (1.8) 175 (28) 76 (0.003) 83 (0.6) 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/aug-cc-pVTZ anharmonic 
contributions. IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory are given in parentheses. 
 
The most intense unidentified band was observed at 1442.2/1439.7 cm
−1
 in Ar/Kr. This 
value agrees very well with a computed band of HNNCHS isomers, while the computations 
does not predict bands for the other investigated [NH, H, C, N, S] structures, except for 
HNNHCS at 1408 cm
−1
, but the computed intensity of this vibration is only 23 km mol
−1
. 
However, for the other bands observed at 1617.4/1614.7, 1250.6/1246.2, 1012.9/1016.2, and 
891.7/888.8 cm
−1
 the agreement between the computed and the experimental values is not as 
good as it is expected at this level of theory. Furthermore, two bands were observed at 
~3500 cm
−1
, which probably belong to the unidentified species, but the computations do not 
predict bands in this region for any of the HNNCHS molecules. Based on these observations, 
it can be assumed that the photolysis resulted in HNNCHS in a complex with the cyanamide 
molecule. To justify this, many HNNCHS : H2NCN complexes were investigated, these 
structures are shown in Figure 6.5.4. (The nomenclature of the complexes is the same as it is 
written for the O-analogues.) 
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Figure 6.5.4. Structures of HNNCHS : H2NCN complexes as computed at the MP2/cc-pVTZ 
level of theory together with ZPVE corrected relative energies (in kJ mol
−1
) as computed at 
the B3LYP/cc-pVTZ (normal characters) and MP2/cc-pVTZ (bold characters) levels of 
theory. The relative energy of the most stable complex (C(S)-t3) was chosen to be 0 kJ mol
−1
. 
 
The lowest energy complex is C(S)-t3, while the best agreement was observed for 
C(S)-c3. The computed wavenumber and intensity values of these structures are shown in 
Table 6.5.5, while the results for the other complexes together with further [NH, H, C, N, S] 
isomers are in Table C6. In the case of the C(S)-c3 complex, the largest deviations between 
computation and experiment were observed for the bands at 891.6/888.8 and 
1250.6/1246.2 cm
−1
. The positions of these bands are very sensitive both for the structure of 
the monomer (cis or trans) and for the complex, it can explains the ~50 cm
−1
 deviation. 
Considering the computed values for the C(S)-c3 complex, only one band with larger than 
50 km mol
−1
 computed intensity was not observed, namely at 2218 cm
−1
. The generated 
H2NNCS : H2NCN complex, that is formed in a much larger amount, has an absorption band 
in this region, which may overlap with the band of the C(S)-c3 complex. For the other bands a 
good agreement was observed, the assignment of the HNNCHS : H2NCN complex further 
supports the identification of its O-analogue complex discussed in the previous section. 
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Table 6.5.5. Equilibrium structures, computed and experimental wavenumbers of 
fundamental vibrational transitions (in cm
−1
), computed IR intensities (in km mol
−1
), and 
measured relative IR absorbances (in parentheses) of the HNNCHS : H2NCN complexes 
together with assignments in the 3800−600 cm−1 region. 
Computed
a
 Experimental
b
 
Assignment 
 
C(S) − c3 
 
C(S) − t3 
Ar matrix Kr matrix 
3482 (88) 3499 (110) 3522.3, 3516.9 (s)
c
 3519.3, 3512.1 (s)
c
 ν1 NH2 str.
e
 
3391 (90) 3378 (84) 3413.9, 3418.4 (s)
c
 3405.3, 3409.7 (s)
c
 ν2 NH2 str.
e
 
2895 (18) 3163 (66) - - ν3 CH str.
f
 
2838 (28) 2982 (4.6) - - ν4 NH str.
f
 
2218 (58) 2210 (67) -
d 
-
d ν5 CN str.
e
 
1486 (42) 1488 (32) - - ν6 NN str.
f
 
1576 (36) 1563 (34) 1617.4 (m) 1614.7 (m) ν7 NH2 bend.
e
 
1415 (77) 1421 (12) 1442.2 (s) 1439.7 (s) ν8 NNH bend.
f
 
1304 (17) 1311 (37) 1250.6 (w) 1246.2 (w) ν9 SCH bend.
f
 
1137 (7.4) 1169 (2.7) - - ν10 NH2 bend.
e
 
1186 (4.2) 1075 (4.7) - - ν11 NC str.
e
 
1078 (5.0) 1124 (10) - - ν12 def.
f
 
971 (55) 1014 (7.6) 1012.9, 1006.1 (w)
c
 1016.2, 1010.7 (w)
c
 ν13 def.
f
 
941 (19) 973 (24) 891.7 (vw) 888.8 (vw) ν14 def.
f
 
742 (9.6) 807 (49) - - ν15 def.
f
 
a
 MP2/cc-pVTZ harmonic vibrational transitions corrected by B3LYP/cc-pVTZ anharmonic 
contributions (in cm
−1
) and harmonic MP2/cc-pVTZ IR intensities (in km mol
−1
). 
b
 Bands obtained after 240 nm irradiation in Ar and 250 nm irradiation in Kr. The exact 
integration of the observed bands was not possible. 
c
 Site split bands. 
d
 The bands of the complexed H2NCN are assigned to corresponding bands of the 
H2NNCS : H2NCN complex that is formed in a much larger amount. 
e
 The assignment belongs to H2NCN. 
f
 The assignment belongs to HNNCHS. 
 
As in the case of the HNNCHO complex, the formation of HNNCHS was observed only 
by the photolysis of 1,2,4-thiadiazole-3,5-diamine, the irradiation of 
1,2,5-thiadiazole-3,4-diamine not resulted in this isomer. Furthermore, it is shown in the 
relative intensity vs. photolysis time curve (see Figure 6.5.2), that the intensity maximum of 
the bands of H2NC(NS) and H2NCNS was observed later than the maximum of the 
HNNCHS, while the concentration of H2NNCS increased until the end of the irradiation. This 
means that HNNCHS was not a photoisomerization product of either H2NC(NS), H2NCNS, or 
H2NNCS, and it was generated in an independent reaction path. 
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7. Investigation of the [2C, 2N, 2X] (X = S, Se) systems
146,147
 
Despite the large structural variability of the pseudohalogens derived from the 
three-membered pseudohalide groups ([2C, 2N, 2X], X = S, Se), in the case of the S-
containing isomers only three were observed previously. As it is shown in Table 2.1, and 
written in the Introduction, two of them were observed first time by us in 2012.
h
 Much less 
known about the [2C, 2N, 2Se] isomers, only selenocyanogen (NCSeSeCN) was 
characterized experimentally. In the present work first the NCXXCN (X = S, Se) isomers 
were prepared and investigated by various spectroscopic methods. To generate new isomers, 
these starting molecules were photolyzed by narrow-band UV irradiation. 
 
7.1. Generation and spectroscopic identification of NCSSCN 
Thiocyanogen (NCSSCN) was prepared in situ by passing gaseous iodine-argon 
mixture through a ~20 cm long glass tube filled loosely with AgSCN supported on glass wool 
at room temperature. For dilute matrices I2 and Ar were premixed in a vacuum line in a molar 
ratio of 1:1000, while for concentrated matrices an I2-reservoir was attached directly to the 
inlet of the glass tube. The flow rate of the iodine was controlled by a stopcock and by 
cooling the I2-container. The by-product silver-iodide indicated the exhaustion of the AgSCN 
column: 
 2 AgSCN + I2 = NCSSCN + 2 AgI (Eq. 7) 
 
Although in the case of dilute matrices the product thiocyangen could hardly be 
detected − which is in line with the computed very weak IR intensities (see Table 7.1.1) −, the 
strong IR bands appeared upon UV photolysis at the same positions as in the case of 
concentrated matrices (see Section 7.2) proved the presence of thiocyanogen after deposition. 
The measured IR spectrum of NCSSCN using higher I2 concentration in the gas mixture is 
shown in Figure 7.1.1, together with the computed IR spectrum of thiocyanogen. The 
measured IR spectrum is in a good agreement both with the computed values and with the 
previously observed experimental spectra (see Figure 7.1.1 and Table 7.1.1). It was proved 
earlier that I2 does not react with NCSSCN in the gas-phase,
148
 while the generation of INCS 
can be excluded by the absence of its strong bands in the IR spectra measured after 
deposition. The formation of ISCN can also be excluded, the most intense IR band of this 
                                                          
h
 The experimental part of this work was done by myself together with the co-authors of the publication, while 
the theoretical computations were carried out by T. Pasinszki and G. Tarczay. 
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molecule, which was observed at 2124 cm
−1
 in the gas-phase,
69
 was not present in any of the 
spectra. (For the computed values of INCS and ISCN see Table S4 in the Supplementary 
Material of Ref. 146.) 
 
Figure 7.1.1. a) MI-IR spectrum of NCSSCN isolated in an Ar matrix at 8 K. b) Computed IR 
spectrum of NCSSCN (B3LYP/aug-cc-pV(T+d)Z anharmonic wavenumbers and harmonic IR 
intensities). c) MI-Raman spectrum of NCSSCN isolated in an Ar matrix at 18 K. A band of 
I2 is marked with asterisk. d) Computed Raman spectrum of NCSSCN 
(B3LYP/aug-cc-pV(T+d)Z anharmonic wavenumbers and relative Raman intensities). 
 
The MI-Raman spectrum of NCSSCN is also shown in Figure 7.1.1, together with the 
computed values. For the Raman measurements higher iodine concentrations were used 
compared to the IR during deposition due to the smaller instrumental sensitivity of the 
spectrometer. At these conditions a small amount of iodine passed through the column 
without reacting with AgSCN, and deposited as it is marked with an asterisk in Figure 7.1.1. 
It was not observed in the case of smaller I2 concentrations. 
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Table 7.1.1. Equilibrium structure, computed and experimental wavenumbers of fundamental 
vibrational transitions (in cm
−1
), computed IR intensities (in km mol
−1
), and computed relative 
Raman intensities (Å4/amu) of NCSSCN together with assignments. 
Computed
a
 
 
 
Experimental (Ar matrix) 
Assignment 
IR
b
 IR
c
 Raman
b
 Raman
c
 
2228 (2) [40] 2168, 2161
 
(m)
d
 2161 (m) - - ν8 CN str. 
2223 (1) [100] 2152 (w) - 2165 (s) 2164 (s) ν1 CN str. 
670 (5) [3] 672 (s) 670 (s) - - ν9 SC str. 
663 (4) [12] 668 (s) - 668 (w) 668 (m) ν2 SC str. 
476 (1) [55] 498 (mw) 497 (ms) 496 (ms) 497 (s) ν3 SS str. 
444 (1) [1] 440 (mw) - - 380 (w) ν10 SCN bend. 
415 (1) [5] 401 (mw) 400 (m) - 400 (sh) ν4 SCN bend. 
385 (0.01) [78] 
e 
- 398 (m) 394 (ms) ν5 SCN bend. 
379 (3) [1] 
e 
364 (ms) - - ν11 SCN bend. 
153 (9) [58] 
e 
- - - ν12 SSC bend. 
139 (0.004) [88] 
e 
- 155 (ms) 155 (ms) ν6 SSC bend. 
55 (4) [243] 
e 
- 
e 
- ν7 SS tors. 
a
 B3LYP/aug-cc-pV(T+d)Z anharmonic wavenumbers, harmonic IR intensities (in 
parentheses), and relative Raman intensities (in square brackets). The relative Raman 
intensity of the ν1 vibrational mode of NCSSCN is selected to be 100 (at 10 K). 
b
 This work. The exact integration of the observed bands was not possible. 
c
 See Ref. 96. 
d
 Site split bands. 
e
 Out of the investigated spectral region. 
 
To choose the appropriate wavelength for the photolysis of NCSSCN, the MI-UV 
spectrum of thiocyanogen was also measured. As it is shown in Figure 7.1.2, a relatively 
weak, broad absorption band was observed between 250 and 350 nm, with a maximum at 
around 280 nm. This band is ~15 nm blue-shifted compared to the absorption maximum 
observed in CCl4 solution.
91
 Another, also broad, but higher intensity band was observed at 
shorter wavelengths, starting at ~230 nm. These results are in a good agreement with the 
computed values, namely at the SAC-CI level two very less intense transitions are predicted 
at 308 and 303 nm − which are overlapped in the experimental spectrum −, and a larger 
intensity band at 199 nm (see Table D1). 
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Figure 7.1.2. a) MI-UV spectrum of NCSSCN isolated in an Ar matrix at 15 K. b) The same 
spectrum as a) with an enlarged (×10) absorbance scale. c) MI-UV spectrum recorded after 
140 minutes of 313 nm photolysis of NCSSCN. 
 
7.2. Photolysis of NCSSCN 
After the preparation and identification of NCSSCN, the main aim was to generate and 
identify new isomers by the photoisomerization of the precursor. Based on the measured UV 
spectrum of thiocyanogen, the irradiation was carried out at 313 and 280 nm. The photolysis 
of NCSSCN resulted in many new bands in the IR spectra (see Figure 7.2.1). 
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Figure 7.2.1. a) Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after 95 minutes of 313 nm 
photolysis of NCSSCN in an Ar matrix. b) The same spectrum as a) with an enlarged (×20) 
absorbance scale. c) and d) Computed IR spectra of SCNNCS and NCSNCS, respectively. 
(B3LYP/aug-cc-pV(T+d)Z anharmonic wavenumbers and harmonic IR intensities.) 
 
The most intense of them was observed at 1910 cm
−1
, together with some other small to 
medium intense bands in the 2010−1910 cm−1 region, and a weak band at 521 cm−1. In 
addition, weak bands were also detected in the case of concentrated matrices at 2151, 985, 
690, 636, and 606 cm
−1
. It was clearly visible during the photolysis that the intensity of the 
bands at 1910 and 521 cm
−1
 changed at the same rate, which suggests that they belong to the 
same species. (The exact integration of the bands was not carried out due to the overlapping 
of the observed bands in the ~2000−1900 cm−1 region.) It is known from earlier works carried 
out in our laboratory, that nitrile sulfides (−CNS) and thiazirines (−C(NS)) decompose 
quickly upon BBUV irradiation.
18,46,132
 Based on the fact that in the present experiments 
similar spectra (together with other new less intense bands) were obtained when unfiltered 
irradiation of either the Hg or Xe lamp was used, these bands cannot be assigned to that kind 
of the [2C, 2N, 2S] isomers. Moreover, both the computed and the experimental IR 
wavenumbers of −CNS and −C(NS) moieties observed in the 2230−2035 cm−1 and 
1800−1770 cm−1 regions,17,18 which also precludes that these type of molecules were 
generated. Considering the computational results of the [2C, 2N, 2S] isomers provided in 
Table D2, the −SCN, −SNC, and −N(CS) groups absorb in the 2250−2200, 2100−2050, and 
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1700−1300 cm−1 regions, respectively, while the thiothionyl derivatives have absorption 
bands between ~2250 and ~2050 cm
−1
. Furthermore, the computed intensity of these bands 
are almost an order of magnitude smaller compared to the isothiocyanato (−NCS) derivatives. 
Based on these results and on the good agreement between the experimental and computed 
wavenumber and intensity values, the bands observed at 1910 and 521 cm
−1
 can be assigned 
to the SCNNCS molecule (see Table 7.2.1). 
 
Table 7.2.1. Equilibrium structure, computed and experimental wavenumbers of fundamental 
vibrational transitions (in cm
−1
), and computed IR intensities (in km mol
−1
) of SCNNCS 
together with assignments. 
Computed
a
 
 
 
Experimental
b
 
Assignment 
Concentrated Ar matrix Dilute Ar matrix 
2004 (0.0) - - ν1 NC str. 
1943 (2567) 
1939 (s), 1930 (m), 
1924 (s),  
1919 (s), 1910 (vs)
c
 
1940 (m), 1931 (m), 
1925 (m), 
1912 (sh), 1910 (vs)
c
 
ν9 NC str. 
1210 (0.0) - - ν2 CS str. 
901 (94) - - ν10 CS str. 
652 (0.0) - - ν3 NN str. 
526 (183) 521 (w) 521 (w) ν11 NCS bend. 
456 (0.0)  - - ν4 NCS bend. 
447 (1)  - - ν6 NCS bend. 
411 (0.0) - - ν8 NCS bend. 
202 (0.0) 
d d ν5 NNC def. 
88 (11) 
d d ν12 NNC def. 
63 (0.1) 
d d ν7 NN tors. 
a
 B3LYP/aug-cc-pV(T+d)Z anharmonic wavenumbers and harmonic IR intensities. 
b
 The exact integration of the observed bands was not possible. 
c
 Site split bands. 
d
 Out of the investigated spectral region. 
 
The formation of SCNNCS is in accordance with the computational result, that the 
electronic excitation weakens the S−S bond in thiocyanogen, and the UV irradiation of 
NCSSCN produces two SCN radicals in the matrices. Although this radical has very low IR 
intensities (<10 km mol
−1
 at the harmonic B3LYP/aug-cc-pV(T+d)Z level of theory), and it 
was not observed in any of our experiments, the recombination of them to a new isomer 
supports its formation. The broad range and complex structure of the observed bands in the 
2010−1910 cm−1 region can only partially be explained by site splitting. More likely these 
bands belong to different products. The bands observed at 1939, 1930, 1924, and 1919 cm
−1
 
in concentrated matrices and the corresponding bands in dilute matrices (see Table 7.2.1) may 
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belong to the SCNNCS isomer. However, the recombination of the SCN radicals can result in 
another [2C, 2N, 2S] isomer, namely NCSNCS. This molecule can be the carrier of the bands 
observed at 1979 and 1969 cm
−1
 in concentrated, and at 1979, 1968, 1953 cm
−1
 in dilute 
matrices. As it is shown in Table 7.2.2, the computed IR intensity of the ν2 band of NCSNCS 
is ~2 orders of magnitude larger than the intensities of the other bands. It means that the 
observation of more than one vibrational of NCSNCS is expected only in the case if the 
amount of this product is large. 
 
Table 7.2.2. Equilibrium structure, computed and experimental wavenumbers of fundamental 
vibrational transitions (in cm
−1
), and computed IR intensities (in km mol
−1
) of NCSNCS 
together with assignments. 
Computed
a
 
 
 
Experimental
b
 
Assignment 
Concentrated Ar matrix Dilute Ar matrix 
2227 (13)  - - ν1 NC str. 
2019 (1301) 1979 (m), 1969 (m)
c
 1979 (w), 1968 (w), 1953 (w)
c
 ν2 NC str. 
972 (5)  - - ν3 CS str. 
681 (20) - - ν4 CS str. 
598 (8) - - ν5 SN str. 
506 (30) - - ν6 NCS def. 
440 (1) - - ν10 NCS def. 
425 (8) - - ν7 SCN def. 
390 (2) 
d d ν11 SCN def. 
186 (6) 
d d ν8 NCS def. 
79 (7) 
d d ν9 SNC def. 
55 (0.1) 
d d ν12 SN tors. 
a
 B3LYP/aug-cc-pV(T+d)Z anharmonic wavenumbers and harmonic IR intensities. 
b
 The exact integration of the observed bands was not possible. 
c
 Site split bands.  
d
 Out of the investigated spectral region. 
 
The intensities of the bands assigned to the new isomers slowly decreased upon BBUV 
irradiation, and bands with increasing intensities were observed at 2256 and 2154 cm
−1
. The 
former band likely belong to the NCNCS isomer (see Table 4.3.1 in Chapter 4), while the 
latter can be assigned to NCCN.
53
 The isothiocyanates may decompose directly with sulfur 
atom extrusion. However, it was shown recently, that the NCS radical isomerize to CNS 
radical upon λ<300 nm irradiation.45 It follows, that a possible way for the decomposition of 
the SCNNCS and NCSNCS molecules is a consecutive isomerization of SCN radicals and 
decomposition of transient pseudohalides after initial rupture of the central bond.  
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Since the formation of the CNS radical is also possible by the irradiation, the less 
intense bands appeared below 1000 cm
−1
 in concentrated matrices, and the band observed at 
2010 cm
−1
 may belong to SCNSNC, however these are ambiguous assignments and not listed 
in any of the tables. 
The assignment of the SCNNCS and NCSNCS isomers is also supported by MI-UV 
investigations. As shown in Figure 7.1.2, two bands appeared upon the 313 nm photolysis. 
One of them is a broad band between 300 and 250 nm, with a maximum at 275 nm, while the 
other is a narrower one, centered at ~210 nm, which is in a good agreement with the 
computed SAC-CI and TD-DFT results (see Table D1). 
The MI-Raman spectrum was also tried to measure after photolysis to support the 
assignation of the generated isomers, and to observe other photoproducts which may have 
small IR intensities. However, due to the deterioration of the matrix, it was not possible to 
record a spectrum with acceptable quality. 
 
7.3. Preparation of NCSeSeCN 
For the synthesis of selenocyanogen first silver selenocyanate (AgNCSe) was prepared 
by the stoichiometric reaction of KNCSe dissolved in ethanol and CH3COOAg in water. After 
that 1.01 g (4.8 mmol) of AgNCSe was suspended in ~20 cm
3
 liquid sulfur-dioxide with 
vigorous stirring and 0.61 g (2.4 mmol) of solid iodine was added stepwise. The mixture was 
stirred for 2 hours at −30 °C. To remove the precipitated silver iodide (see Eq. 8) the mixture 
was filtered.  
 
 2 AgNCSe + I2 = NCSeSeCN + 2 AgI (Eq. 8) 
 
The sulfur-dioxide from the remaining yellow solution was removed in vacuo. 
According to the previously published synthetic route, which was followed in the present 
work, the product was a yellow powder.
69
 Before the matrix-isolation measurements the 
product was stored in a reservoir under vacuum at −50 °C in the dark. 
 
7.4. MI-IR spectra of NCSeSeCN 
During deposition, the reservoir of the NCSeSeCN was kept at −30 °C and 
selenocyanogen was co-deposited to the cold window with argon or krypton passing over the 
container. The flow-rate of selenocyanogen was controlled by the stop-cock of the reservoir. 
The MI-IR spectra of NCSeSeCN measured in Ar and Kr together with the computed values 
are shown in Figure 7.4.1 and Table 7.4.1. 
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Figure 7.4.1. a) MI-IR spectra of NCSeSeCN isolated a) in an Ar matrix at 8 K and b) in a Kr 
matrix at 18 K. c) Computed IR spectrum of NCSeSeCN (CCSD(T)/cc-pVTZ harmonic 
wavenumbers corrected by CCSD(T)/cc-pVDZ anharmonic contributions, IR intensities 
obtained by the harmonic approximation at the CCSD(T)/cc-pVTZ level of theory). 
 
Table 7.4.1. Equilibrium structure, computed and experimental wavenumbers of fundamental 
vibrational transitions (in cm
−1
), and computed IR intensities (in km mol
−1
) of NCSeSeCN 
together with assignments. 
Computed
a
 
 
 
Experimental
b
 
Assignment 
Ar matrix Kr matrix 
2164 (3) 2176.8, 2174.0 (vw)
c
 
2168.0 (m) 
ν8 CN str. 
2162 (2) 2170.4 (m) ν1 CN str. 
527 (8) 534.3 (m) 532.4, 528.6 (m)
c
 ν9 CSe str. 
524 (5) 517.3 (m) 518.6 (m) ν2 CSe str. 
369 (0.3) 
d d ν10 SeCN bend. 
364 (0.1) 
d d ν3 SeCN bend. 
357 (0.9) 
d d ν4 SeCN bend. 
331 (2) 
d d ν11 SeCN bend. 
271 (0.03) 
d d ν5 SeSe str. 
102 (8) 
d d ν12 SeSeC bend. 
95 (0.01) 
d d ν6 SeSeC bend. 
19 (3) 
d d ν7 SeSe tors. 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/cc-pVDZ anharmonic 
contributions. IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory are given in parentheses. 
b
 The exact integration of the observed bands was not carried out. 
c
 Site split bands. 
d
 Out of the investigated spectral region. 
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In the case of Ar matrix, all the four bands expected in the investigated spectral region 
were observed, namely a medium intense band at 2170.4 cm
−1
, together with two very weak 
bands at 2174.0 and 2176.8 cm
−1
. These bands unambiguously belong to the ν1 and ν8 CN 
stretching modes, while the bands at 534.3 and 517.3 cm
−1
 are assigned to the CSe stretching 
vibrations, ν9 and ν2, respectively. Only one band was observed in the CN stretching vibration 
region in Kr, namely at 2168.0 cm
−1
, while the two CSe stretching bands were also detected at 
532.4 (together with a site band at 528.6) and 518.6 cm
−1
. As seen from Table 7.4.1, these 
experimental results are in a very good agreement with the computed wavenumbers, the 
largest deviation, ~10 cm
−1
, was observed for the ν8 fundamental vibrational transition of 
NCSeSeCN. 
Comparing the experimental wavenumber values of the NCXXCN (X = S, Se) isomers, 
only a few cm
−1
 differences were observed in the case of the CN stretching vibrations, while 
the CSe stretching modes are ~150 cm
−1
 red-shifted compared to the CS stretching modes as 
it was expected by the S−Se substitution. This is also in accordance with the experimental 
observations for the NCXCN (X = S, Se) isomers (see Chapter 4). 
Although selenocyanogen (and any of its constitutional isomers) were not studied 
before using matrix-isolation technique, a few infrared spectroscopic data, measured in solid 
phase or in solution, were published. Four intense bands were observed in chloroform, namely 
at 2152, 521, 357, and 333 cm
−1
,
78
 while Cataldo et al. observed bands in KBr pellets at 2143, 
505, and 412 cm
−1
 for selenocyanogen.
67
 In the latter case it was pointed out later, that the 
13
C NMR value of the product is much closer to the value of NCSeCN (one of the thermal 
decomposition products of selenocyanogen),
69
 suggesting that the IR assignment was 
incorrect. In the former case the spectra were measured in CHCl3 solution, which can cause 
the ~15 cm
−1
 deviation from the matrix-isolation results. 
 
7.5. Photolysis of NCSeSeCN 
A presumably possible way to generate and study the isomers of selenocyanogen is the 
UV irradiation of the precursor NCSeSeCN molecule. As it is described in Chapter 4, in the 
case of NCSeCN, a 254 nm irradiation was used to generate new isomers. For comparability, 
in the case of experiments with selenocyanogen, also a 254 nm irradiation was carried out. 
The photolysis resulted in a sharp band at 2057.1 cm
−1
 together with a site band at 
2059.0 cm
−1
 in Ar; and at 2054.4 cm
−1
 in Kr (see Figure 7.5.1).  
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Figure 7.5.1. Difference spectrum as obtained by subtraction of the spectrum recorded 
immediately after deposition from the spectrum recorded after a) 18 h of 254 nm photolysis of 
NCSeSeCN in an Ar matrix b) 14 h of 254 nm photolysis of NCSeSeCN in a Kr matrix. c) 
Computed IR spectrum of NCSeSeNC (CCSD(T)/cc-pVTZ harmonic wavenumbers corrected 
by CCSD(T)/cc-pVDZ anharmonic contributions, IR intensities obtained by the harmonic 
approximation at the CCSD(T)/cc-pVTZ level of theory). 
 
First, the [2C, 2N] isomers were examined as a possible carrier of this band. According 
to previous matrix-isolation experiments, the NCCN and CNNC molecules have absorption 
bands in the CN stretching region at 2140 and 1996 cm
−1
, respectively.
129
 The difference 
between these values and the position of the unassigned band is larger than 50 cm
−1
, so the 
investigated band cannot belong to any of these isomers. However, NCNC absorbs at 
~2055 cm
−1
, but it has another intense band at ~2295 cm
−1
 (see Ref. 129 and Chapter 4), and 
the later one was not observed in the present experiment, which proves that the band at 
2057.1/2054.4 cm
−1
 cannot belong to NCNC. 
It is also possible that the photolysis of selenocyanogen resulted in one of the 
[2C, 2N, Se] isomers. Considering those five structures, listed in Table A2, which were not 
observed experimentally before, CNSeNC, CNCNSe, and CNC(NSe) have absorption bands 
in the 2100−2000 cm−1 region. In the case of CNSeNC, the computations predict two intense 
bands in this region, namely at 2017 and 2040 cm
−1
. Based on the 23 cm
−1
 computed 
difference between the positions of these bands, two bands are expected in the IR spectra if 
CNSeNC is generated. For CNCNSe and CNC(NSe) the computations predict further intense 
bands at 2283, 1046; and 1002 cm
−1
, respectively, which bands were also not observed in the 
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present experiments. It follows that neither these three isomers, nor the other, previously 
unobserved isomers (CNNCSe and NCC(NSe)) can be the carriers of the band at 
2057.1/2054.4 cm
−1
. The NCSeCN, NCNCSe, NCSeNC isomers (see Chapter 4), and the 
NCCNSe molecule
53
 was investigated experimentally before in MI-IR experiments. The most 
intense band of NCCNSe was observed at 2232 cm
−1
 (together with site bands at 2221 and 
2216 cm
−1
), and another intense band was observed at 2103 cm
−1
 (with a site band at 
2094 cm
−1
). As seen from Tables 4.5.1 and 4.6.1, the NCSeCN and NCNCSe isomers have 
absorption bands far from the ~2055 cm
−1
 value, so the only possible carrier of the 
investigated band from the [2C, 2N, Se] isomers is NCSeNC. Only one band was observed for 
this isomer (see Table 4.6.2) at 2049.6 cm
−1
 in Ar (together with a site band at 2055.3 cm
−1
) 
and at 2047.5 cm
−1
 in Kr. Although it is only a ~5−10 cm−1 difference, considering that the 
conditions of the experiments were the same both in the case of the Ar- and Kr-matrix 
measurements, it is quite a big difference. (It is shown in Chapter 6, that in the case if the 
irradiation of two different precursors resulted in the same isomers, the difference between the 
wavenumber values of the bands belong to the products is only 1−3 cm−1.) Moreover, 
comparing the position of the bands of the CN stretching modes of the NCSeCN and 
NCSeSeCN isomers (see Tables 4.5.1 and 7.4.1), a ~5−10 cm−1 difference was observed. It 
further supports that the band at 2057.1/2054.4 cm
−1 
does not belong to the NCSeNC 
molecule. This band was observed both in the case of the Ar- and Kr-matrix experiments. A 
possible formation route for the NCSeNC from NCSeSeCN could be an isomerization of the 
−SeCN group to −NCSe (similar isomerization was observed for the sulfur analogue) 
followed by selenium atom elimination. However, it was shown in Chapter 4, that the 
described isomerization for the −SeCN group is effective only in Kr matrices. Based on these 
experiences, the [2C, 2N, 2Se] isomers were examined as a possible carrier of the investigated 
band. 
Altogether 19 [2C, 2N, 2Se] isomers were investigated, their computed harmonic 
wavenumber and intensity values are shown in Table D3. Five isomers (NCSeNCSe, 
SeCNNCSe, SeCNC(NSe), NCSeCNSe, and NCSeSeNC) were found, which have only one 
intense band in the 2150−1950 cm−1 region, and the computed intensity of the other bands are 
at least one order of magnitude smaller than that of the band. Due to the fact, that the 
generation of four of these isomers requires the isomerization of the −SeCN group, which is 
not effective in Ar matrix, only the NCSeSeNC isomer was further investigated. The 
CCSD(T) computations, shown in Table 7.5.1, predict an intense band at 2034 cm
−1
, probably 
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the observed band at 2057.1/2054.4 cm
−1 
belong to this value. The computed intensity of the 
ν1 band is two orders of magnitude smaller, its observation is not expected. 
 
Table 7.5.1. Equilibrium structure, computed and experimental wavenumbers of fundamental 
vibrational transitions (in cm
−1
), and computed IR intensities (in km mol
−1
) of NCSeSeNC 
together with assignments. 
Computed
a
 
 
 
Experimental 
Assignment 
Ar matrix Kr matrix 
2165 (3) - - ν1 CN str. 
2034 (273) 2057.1, 2059.0
b
 2054.4 ν2 NC str. 
527 (32) - - ν3 CSe str. 
526 (6) - - ν4 SeN str. 
368 (0.3) 
c
 
c
 ν5 SeCN bend. 
348 (1) 
c c ν6 SeCN bend. 
288 (3) 
c
 
c
 ν7 SeNC bend. 
253 (1) 
c
 
c
 ν8 SeNC bend. 
230 (0.2) 
c
 
c
 ν9 SeSe str. 
100 (6) 
c
 
c
 ν10 def. 
97 (0.4) 
c
 
c
 ν11 def. 
44 (3) 
c c ν12 def. 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/cc-pVDZ anharmonic 
contributions. IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory are given in parentheses. 
b
 Site split bands. 
c
 Out of the investigated spectral region. 
 
It is interesting to note that no bands were observed in the difference spectra at around 
530 cm
−1
 (see Figure 7.5.1). It can be explained by a coincidence, namely that based on the 
computational results both the precursor selenocyanogen, and the probable photoproduct, 
NCSeSeNC, have bands with almost the same wavenumber and intensity values at ~530 cm
−1
. 
It explains the failure of the observation of the ν3 and ν4 bands of NCSeSeNC, and further 
supports the assignation of this isomer. Based on the computations the other bands of this 
molecule are out of the investigated spectral region. 
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8. Summary and outlook 
During my PhD work I have investigated pseudohalogens and their derivatives using 
matrix-isolation technique combined with UV, IR, and Raman spectroscopic methods. 
Altogether seven systems were investigated, and the results obtained previously for the 
[2C, 2N, 2S] system are also described. In these studies, first the appropriate precursors were 
prepared and their MI spectra were measured. After that narrow-band irradiations were 
carried out to generate new, previously not observed and identified isomers. These 
identifications were supported by time-dependent analysis of the band intensities of the IR 
spectra recorded during and after the irradiations, by the assumed similar behavior of the 
homologue systems, and by quantum-chemical computations. 
In the cases of the [2C, 2N, X] (X = S, Se) systems first the NCSCN and NCSeCN 
isomers were prepared, and their MI-IR spectra were recorded in Ar and Kr matrices. In the 
case of NCSCN the bands obtained by photolysis could be divided into two subgroups based 
on their kinetic behavior and they were assigned to the NCNCS and NCSNC isomers. In 
similar experiments NCNCSe and NCSeNC were identified as the photolysis products of 
NCSeCN. It was found that the photochemical generation of the NCNCX (X = S, Se) isomers 
is more effective in a Kr than in an Ar matrix. It can be explained by the fact that in a Kr 
matrix there are larger sites, and the NCXCN → NCNCX isomerization reaction likely 
requires larger space compared to the NCXCN → NCXNC process. Together with the 
generated three novel structures (NCSNC, NCNCSe, and NCSeNC) all the four lowest energy 
[2C, 2N, X] (X = S, Se) isomers are now experimentally identified and spectroscopically 
characterized. 
From the [2C, 2N, 2X] (X = S, Se) isomers the thermodynamically most stable ones, 
NCSSCN and NCSeSeCN, were used as precursors. The photoisomerization of NCSSCN 
resulted in SCNNCS and NCSNCS. Although only three bands were observed for these 
isomers altogether, based on the computed IR intensities not even more is expected. The 
assignation is further supported by the fact that both SCNNCS and NCSNCS can be generated 
from the precursor by the S−S bond rapture followed by the recombination of the SCN 
radicals. The irradiation of NCSeSeCN resulted in one new band in the IR spectra both in Ar 
and Kr. Taken into consideration that the isomerization of the −SeCN group is not effective in 
the smaller sites of an Ar matrix, and comparing the wavenumber value of the observed band 
with the computed values of the isomers which can be derived from the precursor by the 
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isomerization of the −CN group(s), it was assigned to NCSeSeNC. None of these three 
products were observed previously. 
The [NH2, C, N, X] and [NH, H, C, N, X] (X = O, S) systems were investigated by the 
photolysis of 1,2,5-oxadiazole-3,4-diamine, 1,2,4-oxadiazole-3,5-diamine, and their 
S-analogues. In the case of the 3,4-diamine derivatives four H-bonded complexes 
(H2NCNO : H2NCN, H2NNCO : H2NCN, H2NCNS : H2NCN, H2NNCS : H2NCN) and two 
ring-containing isomers (H2NC(NO), H2NC(NS)) were observed. These results were verified 
by similar experiments carried out for the 3,5-diamine derivatives. In these cases, two more 
products, the HNNCHO : H2NCN and HNNCHS : H2NCN complexes were also observed. 
Only two of these isomers − H2NNCO and H2NCNS − were investigated previously. 
The results of the experiments are summarized in Figure 8.1. 
 
 
Figure 8.1. Summary of the experiments. 
 
As it is shown, in the case of the precursors containing two −NH2 groups, the two 
products of the photolysis usually form H-bonded complexes, which make their investigations 
more difficult. A possible way to support the results described in the previous chapters can be 
the investigation of the photolysis products of monoamine derivatives. 
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9. Összefoglalás és kitekintés 
Doktori munkám során pszeudohalogének, valamint pszeudohalogén-származékok 
mátrixizolációs UV, IR és Raman spektroszkópiai vizsgálatával foglalkoztam. Összesen hét 
különböző rendszer izomereit vizsgáltam, valamint az ezekhez szorosan kapcsolódó, 
[2C, 2N, 2S] molekulákkal kapcsolatos korábbi eredményeinket is bemutatom a dolgozatban. 
Ezekben a kísérletekben elsőként a megfelelő prekurzort állítottam elő és felvettem annak 
mátrixizolációs IR és UV spektrumait. Ezt követően új, korábban nem ismert izomerek 
előállítása céljából a kiindulási anyagokat monokromatikus UV-fénnyel sugároztam be. Az 
így keletkezett termékek azonosítását a kvantumkémiai számítások eredményei mellett az IR 
spektrumokban a fotolízis hatására megjelenő sávok intenzitásának időfüggő analízise, 
valamint az analóg rendszerek esetén feltételezett hasonló fotokémiai viselkedés is segítette. 
A [2C, 2N, X] (X = S, Se) rendszerek esetén elsőként az NCSCN és NCSeCN 
izomereket állítottam elő, majd felvettem MI-IR spektrumaikat Ar, illetve Kr mátrixban is. Az 
NCSCN izomer fotolízise során a spektrumokban megjelenő sávokat kinetikai viselkedésük 
alapján két csoportba osztottam, és ezeket az NCNCS, illetve NCSNC izomerekhez rendeltem 
hozzá. Hasonló kísérletekben az NCSeCN fotolízisével előállítottam az NCNCSe és NCSeNC 
izomereket. Ezenfelül azt is megfigyeltem, hogy az NCNCX (X = S, Se) izomerek 
keletkezése sokkal hatékonyabb Kr mátrix esetén, mint Ar mátrixban. Ez azzal magyarázható, 
hogy Kr mátrix esetén az üregek mérete nagyobb, így az NCXCN → NCXNC 
izomerizációhoz képest jóval nagyobb térigényű NCXCN → NCNCX folyamat ebben az 
esetben hatékonyabban le tud játszódni. Az így előállított, korábban még nem ismert 
izomerekkel (NCSNC, NCNCSe és NCSeNC) együtt a 4−4 legkisebb energiájú 
[2C, 2N, X] (X = S, Se) szerkezet ismert. 
A [2C, 2N, 2X] (X = S, Se) rendszerekkel kapcsolatos kísérletekben kiindulási 
anyagként a termodinamikailag legstabilabb NCSSCN, illetve NCSeSeCN izomereket 
alkalmaztuk. Az NCSSCN fotolízise során az IR spektrumokban megfigyelt három új sávot 
az SCNNCS, illetve NCSNCS izomerekhez rendeltük hozzá. Ezeknek a molekuláknak a 
számítások alapján 2, illetve 1 intenzív sávja várható az IR spektrumokban. Az asszignációt 
továbbá az is megerősítette, hogy mindkét azonosított termék előállítható a kiindulási 
NCSSCN izomerből a S−S kötés felszakadása során keletkező gyökök rekombinációjával. Az 
NCSeSeCN izomer fotolízise egy új sávot eredményezett az IR spektrumokban Ar, illetve Kr 
mátrix esetén is. Figyelembe véve, hogy az −SeCN csoport izomerizációja nem hatékony az 
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Ar mátrix kisméretű üregeiben, valamint a fotolízis során keletkező sáv hullámszám értékét 
összehasonlítva a kiindulási anyagból a −CN csoport(ok) izomerizációjával előállítható 
termékek számított értékeivel, az észlelt sávot az NCSeSeNC izomerhez rendeltem hozzá. A 
[2C, 2N, 2X] (X = S, Se) rendszerek vizsgálata során előállított három termék egyike sem volt 
korábban ismert. 
Az [NH2, C, N, X] és [NH, H, C, N, X] (X = O, S) izomereket a 
3,4-diamino-1,2,5-oxadiazol, a 3,5-diamino-1,2,4-oxadiazol, valamint kénanalógjaik 
fotolízisével állítottam elő. A 3,4-diamino származékok esetén négy H-kötött komplexet 
(H2NCNO : H2NCN, H2NNCO : H2NCN, H2NCNS : H2NCN, H2NNCS : H2NCN) és további 
két gyűrűs terméket (H2NC(NO), H2NC(NS)) azonosítottam. A felsorolt izomerek sikeres 
előállítását megerősítették a 3,5-diamino származékokkal hasonló körülmények között 
elvégzett kísérletek is. Ezekben a kísérletekben az előzőeken kívül még két további komplex, 
a HNNCHO : H2NCN és a HNNCHS : H2NCN is keletkezett fotolízis hatására. A fentiek 
közül csak két izomert (H2NNCO és H2NCNS) vizsgáltak korábban kísérletileg. 
Kísérleteim eredményeit a 8.1. ábrán foglalom össze. Ahogyan az ábrán is látható, a két 
−NH2 csoportot tartalmazó kiindulási anyagok esetén a fotolízis hatására keletkező termékek 
gyakran H-kötött komplexet alkotnak a mátrix üregeiben, megnehezítve ezzel a vizsgálatokat. 
Ez elkerülhető lenne monoamino-származékok vizsgálatával, melyek eredményei még egy 
oldalról megerősíthetik az 5. és 6. fejezetben leírt kísérletek eredményeit. 
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Appendix 
A. Investigation of the [2C, 2N, X] (X = S, Se) systems 
 
Figure A1. The 2700−2400 cm−1 region of the MI-IR spectra of NCSCN isolated a) in an Ar 
matrix at 10 K and b) in a Kr matrix at 18 K. The bands of NCSCN are marked with asterisks.   
 
Figure A2. MI-UV spectrum of NCSCN isolated in an Ar matrix. 
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Figure A3. Normalized absorbance of the bands in the function of the photolysis time 
measured a) at 2683.1, 2368.0, 2251.7, 1995.8, and 1185.6 cm
−1 
and b) at 2043.1 cm
−1
 during 
the 254 nm irradiation of the NCSCN : Kr matrix. 
 
 
Figure A4. CCSD(T)/aug-cc-pVTZ equilibrium structures and (harmonic) zero-point 
vibrational energy corrected relative energies of the [2C, 2N, X] (X = O, S, Se) isomers. (The 
highest energy [2C, 2N, O] isomer, CNONC, is out of the scale.) 
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Table A1. Computed
a
 vibrational wavenumbers (in cm
−1
) and IR intensities (in km mol
−1
) of 
[2C, 2N, S] isomers. 
NCSCN (C2v) NCNCS (Cs) NCCNS (C∞v) NCSNC (Cs) CNNCS (Cs) 
2181 (2215) 
[0.3]  
2247 (2294) 
[459]  
(2269) [719] 2161 (2195) 
[0.7]  
2097 (2148) [4] 
2171 (2204) 
[0.1]  
2013 (2053) 
[1229]  
(2128) [274] 2033 (2068) 
[217]  
1891 (1931) 
[1040] 
650 (693) [2]  1177 (1188) [17]  (1093) [100] 679 (687) [11]  1094 (1116) [21] 
649 (687) [7]  658 (686) [3]  (562) [32] 630 (696) [20]  719 (735) [18] 
487 (493) [1]  470 (480) [40]  (389) [15] 457 (468) [3]  522 (528) [42] 
359 (364) [0.00]  447 (449) [3]  (400) [0.005] 358 (362) [2]  418 (423) [0.2] 
349 (354) [4]  442 (445) [10]  (90) [10] 242 (243) [0.01]  308 (311) [9] 
309 (311) [2]  423 (428) [7]   239 (241) [2]  273 (270) [1] 
120 (121) [8]  84 (88) [4]   110 (110) [6]  111 (113) [3] 
 
CNCNS (C∞v) CNSNC (C2v) NCC(NS) (Cs) CNC(NS) (Cs) 
(2291) [418] 2032 (2067) [86] 2238 (2276) [12] 2084 (2137) [419] 
(2010) [302] 2003 (2041) [371] 1705 (1733) [1] 1698 (1739) [10] 
(1108) [147] 693 (700) [23] 961 (990) [50] 1038 (1055) [107] 
(564) [36] 685 (694) [47] 631 (641) [4] 668 (676) [7] 
(349) [6] 414 (419) [7] 513 (519) [4] 486 (496) [14] 
(266) [0.002] 255 (257) [0.00] 506 (519) [0.1] 479 (489) [6] 
(70) [11] 244 (245) [0.06] 363 (371) [10] 327 (337) [2] 
 195 (191) [0.08] 220 (221) [15] 170 (172) [5] 
 105 (103) [4] 164 (165) [6] 143 (143) [3] 
a
 CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/aug-cc-pVDZ 
anharmonic contributions, except for i) the bands of NCSNC at 630 and 457 cm
−1
, for these 
bands CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/cc-pVDZ 
anharmonic contributions are given ii) for CNCNS only CCSD(T)/aug-cc-pVTZ harmonic 
wavenumbers are given, because this molecule is not linear neither at the 
CCSD(T)/aug-cc-pVDZ nor at the CCSD(T)/cc-pVDZ level of theory. Harmonic frequencies 
computed at the CCSD(T)/aug-cc-pVTZ level of theory are given in parentheses. IR 
intensities obtained by the harmonic approximation at the CCSD(T)/aug-cc-pVTZ level of 
theory are given in square brackets. 
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Table A2. Computed
a
 vibrational wavenumbers (in cm
−1
), and IR intensities (in km mol
−1
) of 
[2C, 2N, Se] isomers.
 
NCSeCN (C2v) NCNCSe (Cs) NCCNSe (C∞v) NCSeNC (Cs) CNNCSe (Cs) 
2176 (2209) [2] 2257 (2293) 
[617] 
(2265) [817] 2160 (2193) [2] 2109 (2143) [7] 
2168 (2200) [1] 2012 (2052) 
[1232] 
(2123) [340] 2039 (2072) 
[241] 
1859 (1902) 
[1032] 
547 (546) [6] 1106 (1117) [16] (1007) [65] 551 (556) [17] 1023 (1046) [30] 
528 (539) [6] 510 (536) [3] (412) [29] 533 (540) [14] 619 (625) [42] 
439 (445) [1] 434 (437) [28] (421) [0.02] 406 (411) [2] 444 (451) [36] 
330 (334) [0.00] 429 (437) [8] (360) [21] 325 (330) [2] 380 (383) [0.02] 
316 (320) [3]  404 (407) [17] (101) [9] 220 (221) 
[0.004] 
299 (301) [9] 
282 (284) [1]  387 (391) [0.3]  215 (218) [2] 270 (267) [1] 
104 (104) [7] 65 (68) [5]  97 (97) [5] 99 (101) [4] 
 
CNCNSe (C∞v) CNSeNC (C2v) NCC(NSe) (Cs) CNC(NSe) (Cs) 
(2283) [461] 2040 (2074) [120] 2233 (2271) [10] 2092 (2132) [426] 
(2012) [305] 2017 (2051) [396] 1702 (1735) [4] 1702 (1737) [6] 
(1046) [109] 565 (567) [17] 930 (950) [48] 1002 (1015) [113] 
(402) [30] 549 (546) [43] 587 (591) [14] 605 (610) [24] 
(338) [15] 346 (350) [6] 501 (507) [0.01] 457 (466) [4] 
(284) [0.5] 229 (232) [0.00] 434 (441) [1] 420 (432) [8] 
(102) [8] 219 (221) [0.05] 350 (357) [12] 303 (309) [2] 
 179 (176) [0.05] 217 (217) [14] 172 (174) [5] 
 94 (92) [4] 142 (143) [5] 132 (132) [2] 
a
 CCSD(T)/aug-cc-pVTZ harmonic wavenumbers corrected by CCSD(T)/aug-cc-pVDZ 
anharmonic contributions (except for the ν8 band of NCSeCN: CCSD(T)/aug-cc-pVTZ 
harmonic wavenumbers corrected by CCSD(T)/cc-pVDZ anharmonic contributions). 
Harmonic frequencies computed at the CCSD(T)/aug-cc-pVTZ level of theory are given in 
parentheses. IR intensities obtained by the harmonic approximation at the 
CCSD(T)/aug-cc-pVTZ level of theory are given in square brackets.  
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B. Investigation of the [NH2, C, N, X] (X = O, S) systems 
 
 
Figure B1. Solid-phase a) IR and b) Raman spectrum of 1,2,5-thiadiazole-3,4-diamine. 
 
 
Figure B2. Normalized absorbances of the bands obtained during the 213 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine in Kr matrix a) at 3249.3 (integrated together with its site band 
at 3240.9), 3139.4, and 2332.7 cm
−1
 b) at 2271.7 (integrated together with its site bands at 
2267.6, 2259.4), 2218.6, 1034.5 (integrated together with its site band at 1029.5), and 1020.9 
(integrated together with its site band at 1016.3) cm
−1
 c) a broad band around 2100 cm
−1
 with 
maxima at 2148.5, 2136.7, and 2074.2 cm
−1
. 
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Figure B3. Normalized absorbances of the bands obtained during the 239 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine in Kr matrix a) at 3249.3 (integrated together with its site band 
at 3240.9), 3139.4, and 2332.7 cm
−1
 b) at 2271.7 (integrated together with its site bands at 
2267.6, 2259.4), 2218.6, 1034.5 (integrated together with its site band at 1029.5), and 1020.9 
(integrated together with its site band at 1016.3) cm
−1
 c) a broad band around 2100 cm
−1
 with 
maxima at 2148.5, 2136.7, and 2074.2 cm
−1
. 
 
Figure B4. Normalized absorbances of the bands obtained during the 239 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine in Ar matrix a) at 3248.1 (integrated together with its site band 
at 3258.7), 3143.5, and 2337.7 cm
−1
 b) at 2274.1 (integrated together with its site bands at 
2270.2, 2267.6, 2262.8, 2253.3), 2222.9, 1035.3 (integrated together with its site band at 
1032.7), and 1021.8 cm
−1
 c) at 3539.9 (integrated together with its site bands at 3542.6, 
3550.1) and 1813.8 (integrated together with its site band at 1804.0) cm
−1
. 
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Figure B5. Normalized absorbances of the bands obtained during the 239 nm photolysis of 
1,2,5-oxadiazole-3,4-diamine in Kr matrix a) at 3249.3 (integrated together with its site band 
at 3240.9), 3139.4, and 2332.7 cm
−1
 b) at 2271.7 (integrated together with its site bands at 
2267.6, 2259.4) 2218.6, 1034.5 (integrated together with its site band at 1029.5), and 1020.9 
(integrated together with its site band at 1016.3) cm
−1
 c) at 3535.6 (integrated together with its 
site bands at 3530.9, 3526.8) and 1810.9 (integrated together with its site band at 
1800.2) cm
−1
. 
 
 
Figure B6. CCSD(T)/cc-pVTZ equilibrium structures and (harmonic) ZPVE corrected 
relative energies of the [NH2, C, N, X] (X = O, S) isomers.  
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Figure B7. Normalized absorbances of the bands obtained during the 270 nm photolysis of 
1,2,5-thiadiazole-3,4-diamine in Ar matrix a) at 3177.4 (integrated together with its site band 
at 3194.8), 3078.6 (integrated together with its site bands at 3065.0, 3091.3), 1181.1 
(integrated together with its site bands at 1193.7, 1158.2, 1151.6, and 1149.4) cm
−1 
b) at 
3310.7 (integrated together with its site band at 3319.4), 3276.8 (integrated together with its 
site bands at 3269.4, 3284.8), 2267.2 (integrated together with its site band at 2261.2), 2121.7 
(integrated together with its site band at 2131.6), 1570.7 (integrated together with its site band 
at 1584.4), and 933.3 (integrated together with its site bands at 943.3, 905.6, 888.0) cm
−1 
c) at 
3531.0 (integrated together with its site band at 3521.6), 1793.8 (integrated together with its 
site band at 1792.1), and 1230.4 cm
−1
 d) at 2480.8 (integrated together with its site bands at 
2475.7, 2484.9) cm
−1
. 
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Figure B8. Normalized absorbances of the bands obtained during the 280 nm photolysis of 
1,2,5-thiadiazole-3,4-diamine in Ar matrix a) at 3177.4 (integrated together with its site band 
at 3194.8), 3078.6 (integrated together with its site bands at 3065.0, 3091.3), and 1181.1 
(integrated together with its site bands at 1193.7, 1158.2, 1151.6, and 1149.4) cm
−1 
b) at 
3310.7 (integrated together with its site band at 3319.4), 3276.8 (integrated together with its 
site bands at 3269.4, 3284.8), 2267.2 (integrated together with its site band at 2261.2), 2121.7 
(integrated together with its site band at 2131.6), 1570.7 (integrated together with its site band 
at 1584.4), and 933.3 (integrated together with its site bands at 943.3, 905.6, 888.0) cm
−1 
c) at 
3531.0 (integrated together with its site band at 3521.6), 1793.8 (integrated together with its 
site band at 1792.1), and 1230.4 cm
−1
 d) at 2480.8 (integrated together with its site bands at 
2475.7, 2484.9) cm
−1
. 
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Figure B9. Normalized absorbances of the bands obtained during the 290 nm photolysis of 
1,2,5-thiadiazole-3,4-diamine in Ar matrix a) at 3177.4 (integrated together with its site band 
at 3194.8), 3078.6 (integrated together with its site bands at 3065.0, 3091.3), 1181.1 
(integrated together with its site bands at 1193.7, 1158.2, 1151.6, and 1149.4) cm
−1
 b) at 
3310.7 (integrated together with its site band at 3319.4), 3276.8 (integrated together with its 
site bands at 3269.4, 3284.8), 2267.2 (integrated together with its site band at 2261.2), 2121.7 
(integrated together with its site band at 2131.6), 1570.7 (integrated together with its site band 
at 1584.4), and 933.3 (integrated together with its site bands at 943.3, 905.6, 888.0) cm
−1 
c) at 
3531.0 (integrated together with its site band at 3521.6), 1793.8 (integrated together with its 
site band at 1792.1), and 1230.4 cm
−1
 d) at 2480.8 (integrated together with its site bands at 
2475.7, 2484.9) cm
−1
. 
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Figure B10. Normalized absorbances of the bands obtained during the 280 nm photolysis of 
1,2,5-thiadiazole-3,4-diamine in Kr matrix a) at 3182.6 (integrated together with its site band 
at 3187.5), 3083.6, and 1177.9 (integrated together with its site bands at 1191.2, 1155.4, 
1148.4, 1146.7) cm
−1 
b) at 3308.8 (integrated together with its site band at 3304.9), 3276.0 
(integrated together with its site band at 3264.9), 2264.2 (integrated together with its site band 
at 2259.6), 2114.7 (integrated together with its site band at 2118.7), 1566.1 (integrated 
together with its site band at 1579.5), and 940.1 (integrated together with its site bands at 
931.1, 905.8, 887.1) cm
−1 
c) at 3519.4 (integrated together with its site band at 3513.9), 
1791.0, and 1228.4 cm
−1
 d) at 2478.1 (integrated together with its site band at 2473.8) cm
−1
. 
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Table B1. Computed and experimental wavenumbers of fundamental vibrational transitions 
(in cm
−1
), and computed IR intensities (in km mol
−1
) of 1,2,5-oxadiazole-3,4-diamine in the 
4000−400 cm−1 region. 
Computed
a
 
Experimental
b 
Ar matrix Kr matrix 
3649 (34) 
3462.7 (s) 3455.9 (s) 
3649 (21) 
3554 (35) 
3381.1 (s) 3374.5 (s) 
3553 (14) 
1677 (86) 
1641.7 (s) 1639.5 (s) 
1661 (104) 
1623 (5.7) 1577.6 (w) 1575.5 (w) 
1584 (155) 1555.2 (vs) 1553.1 (vs) 
1485 (15) 1467.4 (m) 1465.5 (m) 
1339 (64) 1318.0 (s) 1316.0 (s) 
1148 (2.0) 
1141.8, 1139.7 (w) 1139.5, 1136.9 (w) 
1148 (12) 
1005 (26) 979.1 (m) 976.8 (m) 
925 (3.1) 896.9 (vw) - 
899 (17) 874.6, 872.2, 868.4 (m) 871.9 (m) 
771 (7.3) 
753.8 (sh. 755.9) (m) 753.0 (m) 
764 (1.5) 
668 (11) 673.0 (sh. 669.4) (m) 670.0 (w) 
652 (373) 651.4, 640.1, 629.6 (w) 653.9, 649.7 (w) 
592 (36) 
592.3, 585.2 (s) 587.2, 583.8 (s) 
580 (5.2) 
477 (7.1) 466.6 (m) 465.3 (m) 
404 (56) - - 
a
 B3LYP/aug-cc-pVTZ harmonic wavenumbers and IR intensities in parentheses. 
b
 More than one experimental value is listed in the case of site splitting. 
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Table B2. Computed and experimental wavenumbers of fundamental vibrational transitions 
(in cm
−1
), and computed IR intensities (in km mol
−1
) of 1,2,5-thiadiazole-3,4-diamine in the 
4000−400 cm−1 region. 
Computed
a
 
Experimental
b 
Ar matrix Kr matrix 
3660 (16) 
3467.2 (s) 3460.6 (s) 
3660 (35) 
3561 (33) 
3381.8 (s) 3375.0 (s) 
3560 (19) 
1660 (111) 
1614.5 (s) 1612.4 (s) 
1651 (84) 
1586 (2.5) 1554.3, 1547.9 (w) 1550.8, 1548.9 (w) 
1523 (252) 1499.5 (s) 1497.1 (sh. 1498.7) (s) 
1429 (48) 1410.0 (m) 1408.1 (m) 
1302 (58) 1284.0 (m) 1281.4 (m) 
1132 (1.6) 1128.7 (w) 1127.0 (w) 
1101 (13) 1079.2 (w) 1076.2 (w) 
867 (7.7) 885.9, 880.5 (w) 876.7, 870.8 (w) 
822 (45) 827.3 (m) 825.9 (sh. 828.3) (m) 
776 (19) 
777.1, 774.2 (m) 775.4 (m) 
774 (0.79) 
621 (20) 
634.6, 603.2, 598.1 (m) 629.6, 591.0, 584.8 (m) 618 (9.1) 
616 (359) 
550 (55) 
546.6, 531.8, 491.2 (m) 536.9, 520.3, 514.5, 485.8 (m) 
513 (56) 
451 (1.0) - - 
a
 B3LYP/aug-cc-pVTZ harmonic wavenumbers and IR intensities in parentheses. 
b
 More than one experimental value is listed in the case of site splitting. 
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Table B3. Computed and experimental vibrational transitions (in cm
−1
), and computed IR 
intensities (in km mol
−1
) of H2NCN. 
Computed
a
 
Experimental 
Ar matrix
b
 Kr matrix
b
 Ar matrix
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3493 (51) 3477.3, 3482.5
c
 3472.8, 3465.7
c
 3486 
3413 (36) 3396.0, 3399.8
c
 3396.9 3400 
2267 (66) - - 2264 
1605 (34) - - 1589 
1184 (0.2) - - - 
1058 (7.3) 1054.3 - 1060 
669* (195) 730.3, 729.2
c
 - 728 
436 (28) - - - 
398 (0.2) 
d d 
- 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions (except for the band marked with asterisk: CCSD(T)/cc-pVTZ harmonic 
wavenumber is given). Harmonic IR intensities computed at the CCSD(T)/cc-pVTZ level of 
theory are given in parentheses. 
b
 This work, obtained after 3 hours of 239 nm irradiation. 
c
 Site split bands. 
d
 Out of the experimentally investigated (4000−400 cm−1) region. 
 
Table B4. Computed
a−b
 vibrational wavenumbers (in cm
−1
) and IR intensities (in km mol
−1
) 
of [NH2, C, N, O] isomers. 
H2NNCO H2NCNO H2NOCN H2NONC H2NC(NO) 
3348 (6.0) 3417 (35) 3353 (5.5) 3360 (4.8) 3564 (58) 
3316 (2.0) 3365 (20) 3275 (0.9) 3286 (0.6) 3458 (54) 
2235 (853) 2328 (228) 2243 (85) 2063 (43) 1794 (270) 
1618 (15) 1610 (25) 1561 (32) 1595 (30) 1579 (25) 
1385 (15) 1378 (252) 1292 (5.8) 1311 (4.9) 1394 (34) 
1304 (2.9) 1183 (52) 1208 (83) 1199 (77) 1034 (8.3) 
1067 (70) 858 (13) 1072 (51) 862 (14) 962 (10) 
847 (8.3) 609 (202) 807 (4.7) 817 (13) 614 (56) 
650 (35) 471 (17) 607 (2.1) 529 (23) 468 (189) 
588 (22) 378 (2.7) 497 (1.9) 374 (29) 441 (29) 
182 (15) 141 (12) 233 (17) 239 (27) 446 (20) 
33* (51) 148* (32) 263 (63) 170 (5.3) 358* (24) 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions (except for the bands marked with asterisks: CCSD(T)/cc-pVTZ harmonic 
wavenumbers are given). 
b 
IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory are given in parentheses. 
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Table B5. Computed
a−b
 vibrational wavenumbers (in cm
−1
) and IR intensities (in km mol
−1
) 
of [NH2, C, N, S] isomers. 
H2NNCS H2NCNS H2NSCN H2NSNC H2NC(NS) H2NN(CS) 
3399 (15) 3460 (55) 3456 (29) 3456 (33) 3559 (51) 3379 (18) 
3313 (1.8) 3384 (51) 3370 (19) 3365 (12) 3445 (50) 3296 (7.1) 
2000 (622) 2250 (50) 2170 (0.26) 2033 (176) 1792 (159) 1690 (14) 
1598 (21) 1598 (20) 1580 (9.4) 1590 (17) 1587 (34) 1617 (24) 
1320 (36) 1153 (0.01) 1099 (0.16) 1098 (0.48) 1218 (70) 1310 (8.1) 
1139 (59) 1121 (187 842 (52) 875 (24) 1048 (14) 1043 (46) 
897 (131) 322 (286) 657 (15) 608 (27) 677 (19) 843 (88) 
701 (24) 573 (11) 553 (75) 563 (204) 548 (85) 615 (13) 
524 (61) 382 (0.22) 455 (0.34) 504 (34) 478 (18) 416 (2.2) 
415 (1.5) 375 (0.26) 410 (14) 376 (43) 444 (174) 277 (14) 
188 (17) 208 (2.5) 256 (19) 237 (5.1) 249 (12) 279 (12) 
154 (46) 124 (2.9) 188 (1.2) 145 (7.2) 314* (7.5) 57 (27) 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions (except for the band marked with asterisk: CCSD(T)/cc-pVTZ harmonic 
wavenumber is given). 
b 
IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory are given in parentheses. 
 
Table B6. Computed
a
 singlet excitation wavelengths (nm) and oscillator strengths of H2NCX 
and [NH2, C, N, X] (X = O, S) isomers. 
H2NNCO H2NCNO H2NC(NO) H2NCO 
245 (0.0144) 257 (0.0003) 581 (0.0004) 298 (0.0039) 
203 (0.0144) 232 (0.0007) 248 (0.0002) 288 (0.0009) 
 216 (0.0031) 212 (0.0062) 230 (0.0237) 
 201 (0.0018) 206 (0.0003) 221 (0.0217) 
  200 (0.0139)  
 
H2NNCS H2NCNS H2NC(NS) H2NCS 
361 (0.0013) 338 (0.0001) 478 (0.0003) 454 (0.0004) 
252 (0.0099) 300 (0.0007) 248 (0.0074) 406 (0.0003) 
209 (0.0050) 271 (0.0010) 233 (0.0017) 344 (0.0177) 
202 (0.0442) 271 (0.0200) 231 (0.0024) 297 (0.0026) 
 234 (0.0004) 229 (0.0005) 260 (0.0165) 
 225 (0.0077) 208 (0.0704) 244 (0.0005) 
 208 (0.0000)  212 (0.0157) 
   206 (0.0000) 
a
 Excitation energies and oscillator strengths (given in parentheses) computed at the TD−DFT 
B3LYP/cc-pVTZ level of theory. Only the transitions λ≥200 nm are included in the table. 
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Table B7. Equilibrium structures, computed vibrational transitions (in cm
−1
), and IR 
intensities (in km mol
−1
) of H2NC(NX) (X = O, S) isomers in complex with H2NCN in the 
4000−400 cm−1 region.a 
 
H2NC(NO) : H2NCN 
− 1. 
 
H2NC(NO) : H2NCN 
− 2. 
 
H2NC(NS) : H2NCN 
− 1. 
 
H2NC(NS) : H2NCN 
− 2. 
3493 (60) [3669, 121] 3502 (98) [3669, 130] 
3459 (80) [3623, 
106] 
3528 (99) [3690, 
120] 
3443 (62) [3612, 110] 3448 (43) [3607, 103] 
3449 (83) [3606, 
111] 
3450 (81) [3605, 
110] 
3327 (126) [3485, 
211] 
3311 (230) [3479, 
283] 
3314 (338) [3465, 
346] 
3273 (453) [3442, 
515] 
3288 (223) [3446, 
214] 
3291 (36) [3454, 45] 
3266 (146) [3423, 
111] 
3251 (9.2) [3420, 
5.2] 
2312 (135) [2343, 
146] 
2316 (146) [2342, 
140] 
2313 (120) [2344, 
129] 
2308 (120) [2339, 
141] 
1810 (194) [1851, 
297] 
1801 (230) [1849, 
310] 
1815 (146) [1843, 
189] 
1803 (126) [1829, 
215] 
1583 (45) [1627, 59] 
1579 (135) [1618, 
110] 
1591 (21) [1638, 38] 
1570 (117) [1619, 
121] 
1571 (51) [1619, 38] 
1569 (140) [1610, 
1.0] 
1566 (49) [1619, 44] 
1562 (44) [1614, 
4.9] 
1352 (39) [1388, 47] 1366 (46) [1406, 61] 1218 (34) [1247, 58] 
1243 (80) [1263, 
112] 
1177 (7.2) [1214, 9.8] 1187 (6.0) [1218, 11] 
1168 (8.5) [1212, 
11] 
1183 (8.7) [1225, 
16] 
1101 (8.2) [1111, 5.2] 1105 (7.5) [1109, 4.8] 1096 (24) [1115, 11] 
1106 (10) [1111, 
4.7] 
1046 (2.4) [1077, 2.9] 1050 (0.5) [1068, 0.8] 
1095 (42) [1110, 
1.9] 
1086 (4.6) [1108, 
2.7] 
1016 (11) [1027, 16] 1018 (4.4) [1040, 9.5] 640 (44) [658, 19] 640 (1326) [684, 73] 
624 (5.5) [633, 5.0] 600 (428) [636, 13] 529 (400) [598, 34] 619 (93) [635, 12] 
518 (6.6) [578, 55] 556 (6.0) [593, 28] 511 (1.4) [523, 4.5] 
569 (1260) [672, 
183] 
514 (54) [520, 31] 521 (43) [523, 22] 506 (151) [519, 49] 535 (12) [542, 9.4] 
496 (174) [653, 256] 516 (211) [659, 262] 486 (118) [633, 235] 521 (8.5) [526, 14] 
482 (12) [490, 11] 480 (16) [495, 18] 479 (200) [566, 129] 517 (3.4) [518, 25] 
454 (9.2) [457, 9.5] 448 (34) [456, 2.4] 424 (0.3) [428, 0.07] 436 (2.2) [435, 0.2] 
432 (57) [432, 1.5] 432 (2.5) [429, 0.3]   
a
 B3LYP/cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities in parentheses. 
The harmonic values at the same level are given in square brackets. 
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C. Generation of HNNCHO and HNNCHS 
 
Figure C1. Normalized absorbances of the bands obtained during the 213 nm irradiation of 
1,2,4-oxadiazole-3,5-diamine in Ar matrix a) at 3143.7, 2336.7, and 1323.4 cm
−1
 b) at 2267.6 
(integrated together with its site bands at 2270.1, 2274.2, 2257.0), 2223.0, 1035.4 (integrated 
together with its site band at 1031.2), and 829.5 (integrated together with its site band at 
828.0) cm
−1
 c) at 1744.9 (integrated together with its site bands at 1739.0, 1733.7), 1408.5, 
820.4, and 652.1 (integrated together with its site band at 677.9) cm
−1
. 
 
Figure C2. Normalized absorbances of the bands obtained during the 220 nm irradiation of 
1,2,4-oxadiazole-3,5-diamine in Kr matrix a) at 3138.9, 2332.3, and 1320.0 cm
−1
 b) at 2272.0 
(integrated together with its site band at 2259.4), 2218.6, 1034.4, and 828.4 c) at 1740.0 
(integrated together with its site bands at 1736.6, 1733.7), 1409.5, 831.9, and 653.7 
(integrated together with its site band at 652.2) cm
−1
. 
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Figure C3. a) Difference spectrum as obtained by subtraction of the spectrum recorded after 
220 nm photolysis from the spectrum recorded after 220 nm and 250 nm photolysis of 
1,2,4-oxadiazole-3,5-diamine in an Ar matrix. b) Difference spectrum as obtained by 
subtraction of the spectrum recorded after 220 nm photolysis from the spectrum recorded 
after 220 nm and 250 nm photolysis of 1,2,4-oxadiazole-3,5-diamine in a Kr matrix. c) 
Computed IR spectrum of H2NNCO : H2NCN complex. (Anharmonic wavenumbers and 
infrared intensities were obtained at the B3LYP/cc-pVTZ level of theory.) The bands of the 
H2NNCO : H2NCN complex are marked with arrows in the experimental spectra. 
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Figure C4. Normalized absorbances of the bands obtained during the 240 nm irradiation of 
1,2,4-thiadiazole-3,5-diamine in Ar matrix a) at 3177.7, 3077.8 (integrated together with its 
site band at 3065.5), and 1179.6 (integrated together with its site bands at 1191.5, 1158.2, 
1151.3, 1149.4) cm
−1
 b) at 3310.4 (integrated together with its site band at 3319.7), 3276.9 
(integrated together with its site bands at 3269.4, 3286.8), 2267.4 (integrated together with its 
site band at 2261.4), 2118.9 (integrated together with its site bands at 2127.6, 2131.3), 1570.2 
(integrated together with its site band at 1585.4), and 943.8 (integrated together with its site 
bands at 933.2, 904.9, 891.7) cm
−1 
c) at 3530.7 (integrated together with its site band at 
3522.1) and 1793.8 (integrated together with its site band at 1791.7) cm
−1
 d) at 1617.4, 
1442.2, 1250.6, and 1012.9 (integrated together with its site band at 1006.1) cm
−1
. 
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Figure C5. Normalized absorbances of the bands obtained during the 260 nm irradiation of 
1,2,4-thiadiazole-3,5-diamine in Ar matrix a) at 3177.7, 3077.8 (integrated together with its 
site band at 3065.5), and 1179.6 (integrated together with its site bands at 1191.5, 1158.2, 
1151.3, 1149.4) cm
−1
 b) at 3310.4 (integrated together with its site band at 3319.7), 3276.9 
(integrated together with its site bands at 3269.4, 3286.8), 2267.4 (integrated together with its 
site band at 2261.4), 2118.9 (integrated together with its site bands at 2127.6, 2131.3), 1570.2 
(integrated together with its site band at 1585.4), and 943.8 (integrated together with its site 
bands at 933.2, 904.9, 891.7) cm
−1 
c) at 3530.7 (integrated together with its site band at 
3522.1) and 1793.8 (integrated together with its site band at 1791.7) cm
−1
 d) at 1617.4, 
1442.2, 1250.6, and 1012.9 (integrated together with its site band at 1006.1) cm
−1
. 
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Figure C6. Normalized absorbances of the bands obtained during the 250 nm irradiation of 
1,2,4-thiadiazole-3,5-diamine in Kr matrix a) at 3181.7 (integrated together with its site band 
at 3186.6), 3083.2, and 1177.6 (integrated together with its site bands at 1190.9, 1156.2, 
1151.4, 1148.1) cm
−1
 b) at 3308.8 (integrated together with its site band at 3304.8), 3275.9 
(integrated together with its site band at 3264.8), 2264.3 (integrated together with its site band 
at 2258.6), 2118.9 (integrated together with its site band at 2114.8), 1565.9 (integrated 
together with its site band at 1577.5), and 940.1 (integrated together with its site bands at 
930.8, 905.6) cm
−1 
c) at 3519.1 and 1790.8 cm
−1
 d) at 1614.7, 1439.7, 1246.2, and 1016.2 
(integrated together with its site band at 1010.7) cm
−1
. 
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Table C1. Computed and experimental wavenumbers of fundamental vibrational transitions 
(in cm
−1
), and computed IR intensities (in km mol
−1
) of 1,2,4-oxadiazole-3,5-diamine in the 
3800−600 cm−1 region. 
Computed
a Experimental
b 
Ar matrix Kr matrix 
3555 (60) [3713, 65] 3565.1, 3556.1 (m) 3551.8 (m) 
3528 (39) [3689, 45] 3543.1, 3530.3 (m) 3530.2 (m) 
3455 (72) [3598, 73] 3457.8, 3449.7 (m) 3445.2 (m) 
3436 (38) [3581, 43] 3441.8, 3431.3 (m) 3430.0 (m) 
1644 (247) [1682, 309] 1660.8, 1654.3 (s) 1657.2, 1652.6 (s) 
1608 (322) [1652, 345] 1617.1, 1623.5, 1607.8 (s) 1613.6, 1620.6, 1605.8 (s) 
1576 (55) [1617, 59] 1578.1 (m) 1575.9 (m) 
1546 (9.3) [1586, 18] - - 
1438 (232) [1473, 387] 
1453.4, 1449.7, 1437.4, 
1435.3 (s) 
1450.8, 1439.8, 1434.3 (s) 
1345 (15) [1388, 16] 
1374.6, 1371.0, 1368.3, 
1365.9, 1360.5 (w) 
1373.4, 1366.9, 1355.7 (w) 
1111 (2.9) [1137, 4.0] - - 
1086 (1.7) [1122, 3.2] - - 
1009 (16) [1040, 22] 1022.4 (sh. 1016.9) (w) 1020.4 (w) 
994 (2.8) [1019, 0.7] - - 
861 (28) [885, 15] 882.7, 875.0 (w) 873.9, 880.0 (w) 
778 (1.5) [797, 20] - - 
770 (21) [783, 15] 779.4, 776.2 (w) 778.8 (w) 
678 (16) [717, 4.4] 678.4 (w) 676.1 (w) 
648 (7.2) [664, 3.8] - - 
a
 B3LYP/aug-cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities. The 
harmonic values at the same level of theory are given in square brackets. 
b
 More than one experimental value is listed in the case of site splitting. 
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Table C2. Computed and experimental wavenumbers of fundamental vibrational transitions 
(in cm
−1
), and computed IR intensities (in km mol
−1
) of 1,2,4-thiadiazole-3,5-diamine in the 
3800−600 cm−1 region. 
Computed
a
 
Experimental
b 
Ar matrix Kr matrix 
3541 (34) [3700, 49] 
3552.6 (sh. 3550.6), 3541.2 (m) 3538.7, 3540.9 (m) 
3540 (98) [3700, 43] 
3443 (39) [3586, 40] 
3438.2, 3446.6 (m) 3435.3, 3427.7 (m) 
3437 (65) [3583, 69] 
1602 (62) [1647, 102] 1608.0 (m) 1605.1 (m) 
1597 (300) [1637, 344] 1597.9 (s) 1594.9 (s) 
1548 (163) [1588, 209] 1549.9 (s) 1547.1 (s) 
1499 (54) [1535, 75] 1506.0, 1510.3 (m) 1503.3, 1506.9 (m) 
1382 (278) [419, 317] 1400.6 (s) 1397.5 (s) 
1287 (32) [1314, 60] 1296.3 (m) 1294.0 (m) 
1116 (2.3) [1143, 2.3] 1157.5 (sh. 1159.0) (w) 1155.0 (sh. 1158.1) (w) 
1070 (3.5) [1116, 8.6] 1084.3 (vw) 1082.3 (vw) 
978 (8.4) [1005, 20] 997.6 (sh. 995.2) (m) 995.2, 997.5, 991.7 (m) 
799 (11) [814, 14] 824.2 (m) 822.2 (m) 
729 (17) [754, 24] 751.1, 754.3, 746.3 (w) 750.8 (sh. 754.1) (w) 
658 (10) [677, 3.3] 686.7 (w) 685.2 (w) 
614 (25) [640, 5.7] 636.8, 633.4, 631.2 (w) 635.3, 632.9, 631.5 (w) 
a
 B3LYP/aug-cc-pVTZ anharmonic wavenumbers and anharmonic IR intensities. The 
harmonic values at the same level of theory are given in square brackets. 
b
 More than one experimental value is listed in the case of site splitting. 
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Table C3. Equilibrium structures, computed
a
 wavenumbers of fundamental vibrational 
transitions (in cm
−1
), IR intensities (in km mol
−1
) and ZPVE corrected relative energies (given 
in parentheses in kJ mol
−1
)
c
 of [NH, H, C, N, O] isomers other than HNCHNO and 
HNNCHO. 
 
HNCNHO (255.7) 
 
HNCNOH (145.0) 
 
HNNCOH (199.3) 
 
t-HNC(O)NH (159.1) 
3283 (22) 3557 (17) 3519 (34) 3372 (20) 
3172 (17) 3351 (39) 3189 (2.7) 3248 (7.6) 
1845 (35) 2083 (296) 1903 (99) 1882 (342) 
1446 (15) 1355 (26) 1378 (2.2) 1238 (3.3) 
1268 (137) 1227 (4.1) 1297 (218) 1172 (121) 
1080 (409) 990 (165) 1275 (94) 1062 (47) 
1003 (22) 828 (99) 935 (124) 1013 (54) 
837 (42) 708 (78) 736 (67) 902 (55) 
688 (57) 672 (7.8) 549 (57) 782 (60) 
594 (3.4) 423 (20) 442 (102) 616 (7.7) 
345 (61) 187 (20) 287 (15) 516 (25) 
199 (13) 169
b
 (84) 248 (34) 483 (9.4) 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions. IR intensities obtained by the harmonic approximation at the 
CCSD(T)/cc-pVTZ level of theory are given in parentheses. 
b
 Vibrational perturbation theory predicted large anharmonic correction, therefore harmonic 
value is presented. 
c
 Computed at the CCSD(T)/cc-pVTZ level of theory. 
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Table C4. Computed MP2/cc-pVTZ equilibrium structures and harmonic fundamental 
vibrational transitions corrected by B3LYP/cc-pVTZ anharmonic contributions (in cm
−1
) of 
[NH, H, C, N, O] : H2NCN complexes in the 3800−600 cm
−1
 region. Harmonic 
MP2/cc-pVTZ IR intensities (in km mol
−1
) are given in parentheses. 
HNCHNO : H2NCN HNCNHO : H2NCN 
 
 
 
 
 
 
 
 
3502 (116) 3509 (112) 3468 (80) 3498 (115) 
3334 (212) 3393 (80) 3315 (92) 3291 (109) 
3270 (11) 3235 (147) 2933 (488) 3321 (46) 
3016 (2.5) 2980 (15) 2273 (1090) 2981 (523) 
2208 (67) 2216 (70) 2187 (218) 2202 (97) 
1631 (8.6) 1640 (11) 2144 (46) 2061 (62) 
1580 (59) 1570 (45) 1654 (39) 1543 (69) 
1421 (23) 1430 (18) 1388 (8.3) 1429 (53) 
1338 (18) 1327 (18) 1230 (5.7) 1227 (247) 
1198 (14) 1190 (25) 1171 (110) 1184 (70) 
1182 (19) 1171 (3.0) 1119 (3.0) 1090 (85) 
1095 (60) 1115 (65) 1021 (31) 1044 (25) 
1073 (6.5) 1077 (5.6) 951 (344) 942 (477) 
961 (54) 961 (51) 885 (110) 875 (76) 
815 (43) 824 (25) 856 (77) 722 (100) 
609 (169)  659 (14) 644 (4.3) 
   616 (210) 
 
HNCNOH : H2NCN HNNCOH : H2NCN 
 
 
 
 
 
 
 
 
3647 (100) 3502 (108) 3474 (98) 3492 (52) 
3503 (111) 3452 (501) 3277 (14) 3494 (105) 
3361 (139) 3395 (66) 2757 (1481) 3328 (122) 
3301 (134) 3381 (58) 2584 (5.7) 3180 (56) 
2221 (81) 2206 (75) 2329 (47) 2219 (74) 
2118 (243) 2126 (375) 2163 (113) 2155 (95) 
1577 (51) 1552 (38) 1587 (49) 1574 (49) 
1401 (51) 1482 (64) 1413 (46) 1360 (12) 
1198 (4.6) 1212 (36) 1374 (61) 1287 (231) 
1182 (49) 1170 (5.3) 1285 (276) 1246 (38) 
1080 (4.6) 1075 (6.1) 1228 (14) 1191 (4.9) 
929 (190) 954 (136) 1122 (3.8) 1072 (5.6) 
875 (114) 869 (176) 919 (33) 933 (95) 
758 (84) 698 (91) 822 (155) 761 (81) 
695 (179) 695 (183) 706 (78)  
  606 (59)  
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Table C4. cont. 
HNC(O)NH : H2NCN 
 
 
 
 
 
 
 
 
3499 (104) 3505 (109) 
3385 (95) 3382 (32) 
3336 (81) 3340 (108) 
3277 (19) 3234 (83) 
2219 (75) 2205 (80) 
1883 (271) 1879 (286) 
1570 (50) 1576 (76) 
1230 (5.7) 1266 (34) 
1181 (3.3) 1194 (115) 
1161 (159) 1185 (3.7) 
1069 (7.9) 1108 (40) 
1055 (59) 1086 (5.8) 
1014 (39) 1072 (41) 
897 (62) 940 (65) 
834 (58) 768 (70) 
676 (200) 605 (4.3) 
 
HNNCHO : H2NCN 
C(O)-c1 
 
 
 
C(O)-c2 
 
 
 
C(O)-c3 
 
 
 
C(O)-c4 
 
 
 
C(O)-t3 
 
 
 
3502 (105) 3504 (115) 3489 (73) 3539 (78) 3497 (118) 
3385 (68) 3357 (145) 3399 (221) 3462 (72) 3345 (238) 
2920 (29) 2946 (1.9) 2784 (51) 2849 (11) 3190 (0.4) 
2919 (38) 2869 (22) 2768 (103) 2766 (44) 2887 (10) 
2222 (84) 2211 (74) 2220 (85) 2229 (101) 2214 (64) 
1734 (142) 1758 (84) 1795 (118) 1777 (149) 1780 (121) 
1554 (69) 1582 (44) 1597 (122) 1511 (93) 1577 (34) 
1527 (18) 1521 (15) 1522 (37) 1595 (40) 1502 (20) 
1450 (16) 1445 (56) 1433 (54) 1467 (32) 1426 (30) 
1375 (6.8) 1332 (25) 1326 (12) 1329 (0.3) 1350 (4.2) 
1189 (3.0) 1179 (6.7) 1169 (0.5) 1169 (0.008) 1198 (4.7) 
1084 (10) 1074 (7.2) 1078 (8.5) 1079 (7.4) 1094 (14) 
1039 (21) 1105 (29) 1061 (15) 1076 (23) 1061 (11) 
1008 (32) 828 (39) 955 (62) 955 (55) 986 (53) 
873 (70) 818 (56) 844 (62) 858 (49) 801 (44) 
 723 (34)  610 (220)  
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Table C5. Equilibrium structures, computed
a
 wavenumbers of fundamental vibrational 
transitions (in cm
−1
), IR intensities (in km mol
−1
) and ZPVE corrected relative energies (given 
in parentheses in kJ mol
−1
)
b
 of [NH, H, C, N, S] isomers other than HNCHNS and HNNCHS. 
 
HNCNHS 
(142.1) 
 
HNCNSH 
(35.1) 
 
HNNHCS 
(263.6) 
 
HNNCSH  
(180.8) 
 
t-HNC(S)NH 
(97.1) 
3363 (29) 3383 (54) 3369 (70) 3214 (4.7) 3301 (7.9) 
3348 (170) 2506 (7.4) 3227 (18) 2431 (10) 3269 (18) 
2142 (377) 2124 (650) 1511 (18) 2031 (253) 1785 (265) 
1252 (15) 1304 (5.2) 1408 (23) 1350 (57) 1161 (11) 
1157 (35) 985 (8.0) 1339 (9.0) 1249 (111) 1095 (140) 
831 (359) 921 (296) 1124 (159) 911 (133) 1011 (2.1) 
749 (81) 663 (5.9) 837 (127) 652 (65) 881 (45) 
604 (27) 610 (80) 785 (43) 635 (16) 787 (78) 
489 (39) 582 (11) 619 (70) 512 (20) 654 (92) 
463 (28) 451 (36) 545 (17) 351 (7.3) 544 (3.4) 
387 (30) 165 (7.7) 278 (26) 248 (9.5) 455 (8.8) 
165 (4.8) 161 (6.9) 120 (9.3) 151 (22) 399 (8.8) 
a
 CCSD(T)/cc-pVTZ harmonic wavenumbers corrected by B3LYP/cc-pVTZ anharmonic 
contributions. IR intensities obtained by the harmonic approximation at the CCSD(T)/cc-
pVTZ level of theory are given in parentheses. 
b
 Computed at the CCSD(T)/cc-pVTZ level of theory. 
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Table C6. Computed MP2/cc-pVTZ equilibrium structures and fundamental harmonic 
vibrational transitions corrected by B3LYP/cc-pVTZ anharmonic contributions (in cm
−1
) of 
[NH, H, C, N, S] : H2NCN complexes in the 3800−600 cm
−1
 region. Harmonic MP2/cc-pVTZ 
IR intensities (in km mol
−1
) are given in parentheses. 
HNCHNS : H2NCN HNCNHS : H2NCN 
 
 
 
 
 
 
 
 
 
3492 (114) 3500 (122) 3478 (95) 3474 (112) 
3296 (369) 3336 (191) 3392 (141) 3409 (136) 
3291 (14) 3254 (116) 2923 (985) 3268 (155) 
2972 (0.2) 2953 (15) 2774 (598) 2909 (1046) 
2214 (67) 2208 (64) 2214 (465) 2214 (81) 
1597 (50) 1593 (6.6) 2175 (11) 2182 (489) 
1564 (17) 1556 (26) 1596 (18) 1555 (67) 
1363 (20) 1349 (14) 1273 (19) 1280 (95) 
1225 (39) 1206 (63) 1205 (6.7) 1195 (22) 
1197 (39) 1179 (5.4) 1182 (9.8) 1187 (59) 
1089 (50) 1104 (55) 1111 (3.1) 1080 (3.5) 
1081 (7.4) 1070 (6.4) 862 (320) 813 (119) 
1052 (2.0) 1029 (0.2) 835 (87) 799 (330) 
928 (43) 930 (53) 725 (147) 707 (260) 
853 (49) 859 (31) 680 (6.2)  
607 (164)    
 
HNCNSH : H2NCN HNNCSH : H2NCN 
 
 
 
 
 
 
 
 
 
 
3497 (115) 3502 (119) 3472 (94) 3500 (111) 
3364 (263) 3422 (106) 3281 (24) 3375 (66) 
3354 (13) 3369 (118) 2920 (658) 3161 (102) 
2545 (0.1) 2548 (92) 2343 (175) 2480 (5.2) 
2211 (111) 2224 (62) 2242 (220) 2271 (178) 
2139 (520) 2145 (745) 2169 (101) 2194 (39) 
1565 (52) 1568 (33) 1589 (48) 1563 (58) 
1304 (7.1) 1276 (2.8) 1339 (5.5) 1346 (25) 
1183 (3.4) 1186 (8.0) 1223 (11) 1208 (118) 
1074 (4.6) 1076 (6.6) 1211 (193) 1174 (3.0) 
982 (16) 1021 (6.4) 1109 (5.6) 1075 (4.8) 
897 (295) 860 (296) 993 (36) 919 (105) 
704 (13) 710 (179) 729 (138) 689 (71) 
686 (145)  610 (2.1) 668 (131) 
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Table C6. cont. 
HNNHCS : H2NCN HNC(S)NH : H2NCN 
 
 
 
 
 
 
 
 
 
 
 
 
3485 (130) 3489 (95) 3497 (113) 3485 (98) 
3315 (194) 3366 (58) 3345 (139) 3343 (28) 
3194 (18) 3340 (90) 3276 (36) 3289 (35) 
3120 (524) 3258 (11) 3263 (124) 3193 (341) 
2209 (82) 2208 (65) 2212 (70) 2213 (69) 
1611 (67) 1652 (182) 1785 (224) 1785 (240) 
1540 (86) 1573 (52) 1562 (46) 1595 (74) 
1482 (27) 1443 (11) 1186 (6.2) 1195 (1.2) 
1346 (4.6) 1330 (16) 1158 (25) 1161 (8.2) 
1272 (130) 1213 (27) 1088 (150) 1080 (144) 
1225 (13) 1193 (4.5) 1073 (6.5) 1078 (6.6) 
1042 (4.5) 1071 (3.5) 1016 (2.2) 1017 (1.5) 
883 (88) 807 (99) 874 (53) 889 (54) 
818 (46) 823 (59) 845 (80) 779 (196) 
614 (229) 696 (215) 654 (101) 668 (83) 
608 (22)   671 (65) 
603 (36)    
 
HNNCHS : H2NCN 
C(S) − c1 
 
 
C(S) − c2 
 
 
C(S) − c4 
 
 
C(S) − t1 
 
C(S) − t2 
 
C(S) − t4 
 
3494 (114) 3501 (121) 3512 (78) 3497 (87) 3497 (117) 3493 (116) 
3333 (56) 3373 (114) 3430 (76) 3360 (125) 3362 (144) 3311 (339) 
3051 (4.7) 3038 (11) 2899 (14) 3029 (2.2) 3009 (3.0) 3200 (0.6) 
2823 (2.8) 2961 (21) 2924 (0.5) 3190 (0.7) 3176 (1.6) 2987 (2.4) 
2205 (58) 2225 (68) 2236 (104) 2215 (56) 2216 (61) 2212 (64) 
1550 (68) 1564 (53) 1590 (40) 1587 (26) 1571 (37) 1583 (34) 
1508 (12) 1511 (17) 1505 (111) 1493 (11) 1493 (16) 1469 (4.8) 
1427 (31) 1408 (53) 1422 (27) 1420 (55) 1417 (59) 1405 (9.0) 
1310 (30) 1308 (1.7) 1331 (12) 1311 (36) 1315 (32) 1320 (44) 
1178 (3.0) 1182 (7.1) 1170 (0.008) 1109 (30) 1189 (8.2) 1206 (4.1) 
1115 (42) 1072 (6.5) 1144 (8.4) 1186 (5.5) 1069 (8.2) 1115 (1.4) 
1054 (5.6) 1106 (27) 1072 (8.2) 1077 (5.5) 1113 (44) 1077 (7.8) 
937 (95) 966 (80) 1006 (71) 971 (27) 964 (18) 986 (12) 
919 (16) 866 (14) 923 (2.2) 899 (5.9) 896 (14) 948 (23) 
822 (23) 816 (7.6) 771 (7.4) 821 (25) 827 (27) 791 (97) 
     612 (127) 
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D. Investigation of the [2C, 2N, 2X] (X = S, Se) systems 
Table D1. Computed
a
 singlet excitation wavelengths (nm) and oscillator strengths of 
NCSSCN, SCNNCS, and NCSNCS isomers. 
NCSSCN SCNNCS NCSNCS 
334 (0.0013) [308; 0.0019] 419 (0.0003) [375; 0.0009] 405 (0.0000) [388; 0.0001] 
331 (0.0009) [303; 0.0006] 323 (0.0234) [300; 0.0000] 290 (0.0007) [279; 0.0008] 
228 (0.1164) [199; 0.1690] 308 (0.0000) [291; 0.0351] 273 (0.0245) [262; 0.0374] 
206 (0.0019) [192; 0.0057] 266 (0.0003) [244; 0.0010] 254 (0.0006) [214; 0.0043] 
206 (0.0034) [192; 0.0008] 261 (0.0000) [233; 0.0000] 224 (0.1409) [210; 0.0014] 
204 (0.0041) [174; 0.0160] 247 (0.0000) [200; 2.4783] 213 (0.0000) [192; 0.4226] 
200 (0.0019) [173; 0.0075] 230 (0.0000) [191; 0.0000] 209 (0.0045) [189; 0.0196] 
199 (0.0071) [173; 0.0012] 222 (1.6642) [187; 0.0000] 206 (0.0007) [176; 1.0522] 
191 (0.0003) [162; 0.0183] 213 (0.0030) [184; 0.0110] 201 (0.1213) [173; 0.0363] 
190 (0.0006) [147; 0.2846] 204 (0.0000) [178; 0.0000] 194 (0.5371) [172; 0.0444] 
a
 Excitation energies and oscillator strengths (given in parentheses) computed at the TD−DFT 
B3LYP/cc-pV(T+d)Z level of theory. Excitation energies and oscillator strengths computed at 
the SAC-CI level are given in square brackets. 
 
Table D2. Computed
a
 vibrational wavenumbers (in cm
−1
), IR intensities (in km mol
−1
), and 
relative Raman intensities (Å4/amu) of [2C, 2N, 2S] isomers. 
NCSSCN (C2) NCSNCS (Cs) SCNCNS (C∞v) SCNNCS (C2h) 
2228 (2259) [2; 40] 2227 (2258) [13; 96] (2362) [10; 985] 2004 (2053) [0; 191] 
2223 (2254) [1; 100] 
2019 (2015) [1301; 
13] 
(2109) [1927; 94] 
1943 (1984) [2567; 
0] 
670 (684) [5; 3] 972 (1000) [5; 14] (1333) [2; 97] 1210 (1241) [0; 118] 
663 (677) [4; 12] 681 (700) [20; 7] (817) [318; 36] 901 (889) [94; 0] 
476 (480) [1; 55] 598 (613) [8; 22] (446) [2; 99] 652 (670) [0; 51] 
444 (450) [1; 1] 506 (507) [30; 5] (418) [1; 1] 526 (529) [183; 0] 
415 (420) [1; 5] 440 (445) [1; 0.1] (353) [7; 9] 456 (459) [0; 139] 
385 (391) [0.01; 78] 425 (431) [8; 50] (157) [4; 222] 447 (450) [1; 0] 
379 (383) [3; 1] 390 (392) [2; 4] (49) [1; 17] 411 (412) [0; 1] 
153 (155) [9; 58] 186 (189) [6; 123]  202 (207) [0; 528] 
139 (141) [0.004; 88] 79 (83) [7; 76]  88 (86) [11; 0] 
55 (57) [4; 243] 55 (61) [0.1; 44]  63 (60) [0.1; 0] 
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Table D2. cont. 
SCNC(NS) (Cs) SNCCNS (D∞h) NCSCNS (Cs) NCSSNC (C1) 
2023 (2058) [1889; 
60] 
(2273) [0; 811] 2244 (2275) [18; 87] 2231 (2260) [2; 65] 
1799 (1822) [165; 
154] 
(2129) [862; 0] 
2124 (2166) [526; 
138] 
2064 (2094) [278; 
74] 
1170 (1190) [40; 73] (1273) [0; 3] 947 (966) [72; 21] 658 (672) [11; 4] 
818 (841) [121; 60] (812) [382; 0] 656 (672) [13; 13] 659 (663) [24; 9] 
593 (602) [0.4; 44] (434) [0; 115] 539 (556) [13; 7] 473 (475) [3; 49] 
502 (507) [28; 20] (420) [10; 0] 421 (427) [11; 1] 427 (432) [4; 27] 
489 (494) [11; 109] (419) [0; 28] 412 (415) [10; 32] 403 (408) [2; 3] 
483 (491) [9; 1] (237) [0; 143] 390 (396) [0.3; 3] 318 (322) [3; 36] 
469 (471) [0.04; 0.1] (82) [2; 0] 366 (370) [3; 4] 276 (278) [0.3; 5] 
325 (328) [1; 35]  190 (192) [4; 65] 151 (151) [6; 57] 
86 (86) [1; 23]  
128 (129) [0.0001; 
55] 
136 (134) [1; 86] 
75 (71) [2; 363]  45 (45) [8; 375] 63 (65) [3; 256] 
 
 
SCNSNC (Cs) NCSC(NS) (Cs) SS(CN)(CN) (Cs) CNSSNC (C2) 
2062 (2096) [96; 
149] 
2251 (2280) [6; 45] 2252 (2280) [14; 60] 
2070 (2102) [169; 
96] 
2032 (2023) [1474; 
18] 
1704 (1730) [55; 18] 2249 (2277) [18; 24] 
2063 (2095) [417; 
44] 
1004 (1004) [3; 26] 890 (914) [57; 5] 597 (603) [93; 40] 628 (646) [19; 15] 
688 (699) [57; 4] 681 (703) [3; 7] 568 (580) [34; 3] 632 (644) [57; 4] 
590 (604) [10; 8] 514 (524) [4; 87] 541 (555) [62; 31] 474 (480) [0.1; 49] 
488 (500) [31; 9] 466 (473) [2; 15] 450 (458) [1; 5] 360 (367) [13; 10] 
433 (438) [1; 0.2] 432 (442) [14; 14] 425 (427) [2; 38] 319 (327) [0.01; 29] 
351 (355) [4; 64] 407 (410) [0.05; 1] 368 (367) [3; 13] 286 (291) [0.3; 18] 
275 (280) [0.0001; 
13] 
376 (378) [4; 2] 297 (293) [3; 14] 243 (250) [0.1; 5] 
159 (161) [4; 128] 261 (262) [1; 47] 161 (151) [13; 43] 135 (140) [3; 54] 
76 (79) [5; 69] 100 (97) [4; 89] 144 (137) [2; 81] 131 (137) [0.03; 90] 
61 (68) [0.1; 33] 65 (63) [5; 6] 123 (111) [5; 94] 69 (72) [3; 285] 
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Table D2. cont. 
SNCSNC (Cs) SNCC(NS) (Cs) SS(CN)(NC) (C1) CNSC(NS) (Cs) 
2123 (2164) [382; 
168] 
2248 (2234) [893; 
245] 
2248 (2282) [15; 44] 
2085 (2115) [200; 
57] 
2061 (2093) [542; 
53] 
1738 (1766) [42; 
327] 
2043 (2073) [469; 
37] 
1686 (1716) [51; 22] 
969 (988) [33; 40] 1111 (1102) [49; 85] 630 (638) [103; 57] 888 (914) [44; 7] 
610 (626) [54; 95] 708 (729) [133; 195] 568 (580) [60; 4] 698 (709) [14; 7] 
490 (507) [95; 19] 533 (543) [10; 64] 499 (518) [137; 66] 513 (524) [2; 86] 
433 (436) [0.4; 12] 480 (486) [2; 57] 424 (433) [6; 28] 441 (449) [5; 16] 
377 (385) [1; 1] 476 (481) [0.3; 9] 408 (417) [4; 20] 403 (409) [13; 28] 
344 (348) [7; 63] 411 (415) [6; 0] 292 (300) [9; 34] 388 (402) [2; 1] 
238 (238) [0.0001; 
24] 
410 (415) [13; 205] 223 (231) [4; 21] 272 (270) [0.002; 10] 
149 (153) [0.1; 33] 280 (284) [1; 246] 139 (144) [5; 56] 219 (211) [1; 23] 
154 (152) [2; 48] 107 (105) [3; 70] 127 (127) [3; 94] 101 (93) [3; 112] 
32 (29) [1; 741] 81 (75) [2; 237] 100 (103) [3; 129] 51 (66) [5; 4] 
 
 
SS(NC)(NC) (Cs) (SN)CC(NS) (C2h) NCSN(CS) (C1) SCNN(CS) (Cs) 
2056 (2090) [283; 
59] 
1800 (1831) [0; 188] 2233 (2263) [3; 74] 
1915 (1954) [926; 
56] 
2034 (2067) [672; 
24] 
1740 (1765) [7; 0] 1321 (1361) [108; 8] 
1667 (1696) [75; 
153] 
661 (669) [131; 62] 995 (1034) [0; 143] 682 (697) [12; 9] 1068 (1097) [10; 62] 
537 (552) [178; 52] 739 (748) [55; 0] 579 (608) [8; 28] 757 (797) [28; 31] 
504 (527) [145; 28] 592 (597) [0; 32] 550 (578) [71; 19] 579 (590) [32; 29] 
383 (395) [1; 51] 567 (574) [0; 1] 472 (478) [4; 35] 547 (548) [22; 75] 
356 (365) [13; 19] 506 (515) [0; 88] 423 (437) [10; 109] 419 (427) [0.1; 3] 
272 (284) [4; 26] 472 (481) [23; 0] 399 (399) [2; 3] 420 (427) [1; 91] 
161 (185) [0.1; 34] 242 (246) [0; 333] 260 (266) [7; 63] 302 (301) [4; 46] 
115 (130) [0.3; 115] 220 (218) [13; 0] 188 (187) [13; 56] 258 (254) [4; 9] 
103 (128) [4; 54] 127 (125) [6; 0] 121 (122) [16; 65] 125 (102) [1; 16] 
76 (101) [2; 182] 68 (66) [1; 0] 74 (71) [5; 182] 94 (81) [2; 332] 
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Table D2. cont. 
SNCN(CS) (Cs) CNSN(CS) (C1) (SC)NN(CS) (D2h) 
2201 (2215) [392; 
242] 
2064 (2096) [267; 
94] 
1618 (1660) [0; 238] 
1549 (1588) [182; 
377] 
1338 (1382) [129; 
24] 
1553 (1588) [114; 0] 
1134 (1101) [18; 17] 688 (695) [41; 6] 903 (955) [0; 78] 
576 (595) [25; 73] 578 (614) [0.05; 9] 678 (704) [9; 0] 
566 (569) [122; 17] 566 (582) [82; 23] 649 (663) [0; 54] 
412 (425) [47; 14] 419 (436) [17; 155] 407 (425) [0; 94] 
327 (350) [5; 4] 391 (399) [9; 38] 421 (414) [24; 0] 
259 (326) [27; 558] 283 (288) [0.4; 13] 205 (260) [0; 4] 
194 (212) [0.2; 30] 230 (236) [0.7; 85] 241 (244) [0; 229] 
67 (203) [95; 5731] 172 (172) [11; 31] 149 (166) [7; 0] 
82 (106) [3; 15] 111 (113) [7; 50] 124 (133) [11; 0] 
44 (71) [0.3; 2625] 78 (79) [6; 231] 42 (58) [0.002; 0] 
a
 B3LYP/aug-cc-pV(T+d)Z anharmonic wavenumbers (the harmonic values are given in 
parentheses), harmonic IR, and relative Raman intensities (in square brackets). The relative 
Raman intensity of the ν1 vibrational mode of NCSSCN is selected to be 100 (at 10 K). 
 
Table D3. Computed
a
 vibrational wavenumbers (in cm
−1
) and IR intensities (in km mol
−1
) of 
[2C, 2N, 2Se] isomers. 
NCSeSeCN (C2) NCSeNCSe (Cs) SeCNCNSe (C∞v) SeCNNCSe (C2h) 
2258 (0.2) 2261 (3.7) 2339 (5.7) 2047 (0.1) 
2254 (0.2) 1965 (1205) 2070 (1800) 1962 (2603) 
528 (9.5) 782 (2.7) 1245 (0.4) 1157 (0.0001) 
524 (5.2) 552 (46.1) 614 (195) 683 (54.8) 
375 (0.3) 514 (11.2) 385 (5.0) 570 (0.003) 
373 (0.3) 406 (0.1) 342 (3.6) 468 (227) 
368 (0.6) 406 (5.1) 262 (1.2) 404 (0.03) 
343 (1.5) 351 (1.5) 176 (0.1) 359 (0.0000) 
258 (0.02) 337 (9.4) 48 (0.3) 341 (0.0000) 
106 (8.1) 136 (4.1)  157 (0.0000) 
98 (0.03) 63 (6.5)  67 (8.84) 
48 (3.7) 49 (0.2)  48 (0.07) 
 
SeCNC(NSe) (Cs) SeNCCNSe (D∞h) NCSeCNSe (Cs) NCSeSeNC (C1) 
2052 (2132) 2257 (0.0000) 2275 (3.4) 2259 (0.2) 
1823 (94.0) 2113 (749) 2148 (574) 2104 (317) 
1108 (52.3) 1172 (0.0000) 755 (26.9) 519 (10.0) 
689 (145) 601 (221) 521 (20.9) 510 (29.5) 
473 (20.5) 428 (0.0000) 426 (0.6) 374 (0.3) 
462 (5.4) 385 (10.6) 368 (10.9) 357 (1.2) 
458 (13.1) 255 (0.0000) 360 (0.9) 278 (3.6) 
419 (0.5) 209 (0.0000) 329 (2.7) 242 (0.5) 
415 (9.0) 64 (0.3) 280 (14.1) 233 (0.2) 
266 (0.8)  149 (3.8) 105 (6.1) 
81 (1.2)  104 (0.1) 95 (0.4) 
48 (1.1)  38 (8.2) 53 (3.5) 
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Table D3. cont. 
SeCNSeNC (Cs) NCSeC(NSe) (Cs) CNSeSeNC (C2) SeNCSeNC (Cs) 
2108 (221) 2275 (2.7) 2110 (199) 2151 (369) 
1973 (1385) 1756 (33.3) 2104 (459) 2100 (712) 
788 (1.4) 773 (75.0) 502 (18.1) 777 (5.7) 
551 (63.3) 541 (4.4) 498 (55.4) 477 (63.4) 
506 (2.8) 422 (12.9) 282 (0.2) 380 (16.1) 
403 (0.03) 418 (2.0) 267 (7.2) 359 (1.8) 
378 (17.9) 366 (0.05) 255 (0.1) 304 (46.7) 
264 (2.8) 338 (1.5) 235 (0.1) 250 (4.8) 
233 (0.01) 334 (2.0) 211 (0.006) 197 (0.009) 
121 (3.8) 179 (1.3) 101 (4.9) 123 (1.5) 
60 (5.3) 71 (3.5) 95 (0.005) 120 (0.4) 
50 (0.2) 46 (4.8) 59 (3.3) 27 (1.5) 
 
 
SeNCC(NSe) (Cs) CNSeC(NSe) (Cs) (SeN)CC(NSe) (C2h) NCSeN(CSe) (C1) 
2219 (931) 2116 (323) 1839 (0.0007) 2259 (0.2) 
1782 (39.8) 1760 (12.3) 1783 (11.1) 1638 (67.6) 
1017 (14.3) 712 (71.4) 956 (0.0002) 588 (18.5) 
575 (133) 526 (19.0) 600 (76.7) 527 (8.4) 
473 (0.04) 443 (17.9) 571 (0.0000) 396 (1.4) 
458 (2.9) 419 (9.7) 551 (0.0000) 356 (3.4) 
417 (20.8) 351 (0.3) 447 (15.8) 347 (1.3) 
369 (7.8) 229 (1.4) 423 (0.002) 335 (6.3) 
358 (9.0) 225 (0.03) 209 (9.9) 196 (0.6) 
215 (0.4) 136 (0.5) 162 (0.0000) 144 (0.1) 
103 (2.0) 69 (1.9) 102 (4.5) 75 (5.1) 
60 (1.1) 65 (0.02) 49 (1.0) 39 (2.8) 
 
 
SeCNN(CSe) (Cs) CNSeN(CSe) (C1) (SeC)NN(CSe) (D2h) 
1928 (937) 2100 (293) 1654 (0.002) 
1683 (81) 1607 (126) 1603 (119) 
1007 (15.7) 581 (10.6) 872 (0.0000) 
677 (27.4) 528 (28.2) 624 (0.0000) 
508 (61.8) 371 (0.8) 575 (8.2) 
438 (5.3) 341 (23.6) 403 (10.0) 
397 (3.3) 307 (2.1) 374 (0.0006) 
384 (0.1) 230 (0.1) 296 (0.0000) 
256 (2.4) 152 (0.6) 172 (5.6) 
253 (2.0) 144 (0.2) 156 (0.0000) 
95 (0.7) 72 (4.5) 106 (7.7) 
50 (1.0) 43 (3.0) 48 (0.3) 
a
 B3LYP/aug-cc-pVTZ harmonic wavenumbers and harmonic IR intensities in parentheses. 
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